surfaces

Review

Analysis, Assessment, and Mitigation of Stress Corrosion
Cracking in Austenitic Stainless Steels in the Oil and Gas Sector:

A Review

Mohammadtaghi Vakili *

check for
updates

Citation: Vakili, M.; Koutnik, P;
Kohout, J.; Gholami, Z. Analysis,
Assessment, and Mitigation of Stress
Corrosion Cracking in Austenitic
Stainless Steels in the Oil and Gas
Sector: A Review. Surfaces 2024, 7,
589-642. https://doi.org/10.3390/
surfaces7030040

Academic Editors: Jaeho Kim,
Susumu Yonezawa and Alexey
Yerokhin

Received: 25 June 2024
Revised: 5 August 2024
Accepted: 14 August 2024
Published: 16 August 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Petr Koutnik, Jan Kohout

and Zahra Gholami

ORLEN UniCRE, a.s., Revolué¢ni 1521/84, 400 01 Usti nad Labem, Czech Republic;
petr.koutnik@orlenunicre.cz (P.K.); jan.kohout@orlenunicre.cz (J.K.); zahra.gholami@orlenunicre.cz (Z.G.)
* Correspondence: mohammadtaghi.vakili@orlenunicre.cz

Abstract: This comprehensive review examines the phenomena of stress corrosion cracking (SCC)
and chloride-induced stress corrosion cracking (Cl-SCC) in materials commonly used in the oil and
gas industry, with a focus on austenitic stainless steels. The study reveals that SCC initiation can
occur at temperatures as low as 20 °C, while CI-SCC propagation rates significantly increase above
60 °C, reaching up to 0.1 mm/day in environments with high chloride concentrations. Experimental
methods such as Slow Strain Rate Tests (SSRTs), Small Punch Tests (SPTs), and Constant-Load Tests
(CLTs) were employed to quantify the impacts of temperature, chloride concentration, and pH on SCC
susceptibility. The results highlight the critical role of these factors in determining the susceptibility
of materials to SCC. The review emphasizes the importance of implementing various mitigation
strategies to prevent SCC, including the use of corrosion-resistant alloys, protective coatings, ca-
thodic protection, and corrosion inhibitors. Additionally, regular monitoring using advanced sensor
technologies capable of detecting early signs of SCC is crucial for preventing the onset of SCC. The
study concludes with practical recommendations for enhancing infrastructure resilience through
meticulous material selection, comprehensive environmental monitoring, and proactive maintenance
strategies, aimed at safeguarding operational integrity and ensuring environmental compliance.
The review underscores the significance of considering the interplay between mechanical stresses
and corrosive environments in the selection and application of materials in the oil and gas industry.
Low pH levels and high temperatures facilitate the rapid progression of SCC, with experimental
results indicating that stainless steel forms passive films with more defects under these conditions,
reducing corrosion resistance. This interplay highlights the need for a comprehensive understanding
of the complex interactions between materials, environments, and mechanical stresses to ensure the

long-term integrity of critical infrastructure.
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1. Introduction

Materials with exceptional properties are highly valued in the oil and gas industry due
to their ability to withstand diverse and specialized environments. Austenitic stainless steel
(ASS), a class of iron-based alloys, is renowned for its versatility. Various grades are tailored
for specific applications and are widely utilized in this sector [1]. ASS typically contains
approximately 19% chromium and 10% nickel, resulting in a predominantly austenitic
microstructure at room temperature. This structural stability endows ASS with exceptional
characteristics, including high strain hardening, cleanability, low susceptibility to product
contamination, superior impact toughness, plasticity, thermal stability, weldability, corro-
sion resistance, and extended lifespan [2,3]. These properties make ASS a versatile material
well suited for diverse applications, particularly within the oil and gas industry [4].

However, despite their advantages, equipment and pipelines in the oil and gas indus-
try are susceptible to various localized corrosion phenomena, including stress corrosion
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cracking (SCC), intergranular corrosion (IGC), crevice corrosion, and pitting. This sus-
ceptibility is often attributed to the reversion of high-iron-concentration ASS to its native
hydroxide or oxide form following the refining process in blast furnaces [5]. Numerous
failures in the oil and gas sector have been linked to localized corrosion processes, particu-
larly SCC, which is widely recognized as a primary failure mode in humid environments,
leading to significant economic losses and environmental disasters worldwide.

SCC is a phenomenon observed in metals and alloys, characterized by environmen-
tally induced crack propagation. It primarily affects materials protected against uniform
corrosion by passive films. The breakdown of localized passivity due to mechanical stresses
can accelerate attacks in specific regions [6]. SCC arises from the synergistic effects of a
particular aqueous environment, a susceptible alloy, and tensile stress [7,8]. The vulnerabil-
ity of pipeline steels to SCC is influenced by a multitude of factors, including the steel’s
chemical composition, texture, inclusion and precipitate distribution, and microstructure;
the pH of the environment surrounding the pipeline; the pH of the transported oil and gas;
and other relevant considerations [9]. SCC growth in pipelines can occur unpredictably
under constant-load and static tensile conditions, particularly in environments conducive
to corrosion. This can alter the mechanical characteristics of carbon steel pipelines, making
them more susceptible to SCC and initiating crack formation. Subsequently, cracks can
propagate rapidly through the pipeline material, ultimately leading to failure. Laboratory
testing combining electrochemical and mechanical measurements is often conducted under
controlled conditions before and after electrochemical evaluations to assess SCC suscepti-
bility [5]. Detecting and predicting SCC presents challenges, especially in the oil and gas
industry, where unforeseen failures can have significant consequences [10]. SCC growth can
initiate and spread to total fracture with little warning, even in corrosion-resistant materials.
Fracture surfaces often exhibit severe embrittlement, with numerous small cracks at the
time of failure. The industrial significance of SCC lies in the difficulty of eliminating stresses
induced during component fabrication, making reliable measurements challenging [11].

SCC is a complex process that uniquely affects material properties, distinguishing it
from stress or corrosion alone. This complexity is particularly significant in industries where
stresses are commonly induced during fabrication. Removing or accurately measuring these
stresses in engineering structures is often challenging or impractical. SCC substantially
impacts structural integrity and represents a common cause of failures in various systems
and industries, such as oil and gas and petrochemicals [12,13]. Figure 1 schematically
illustrates the development of uniform and localized corrosion. Unlike general corrosion,
where material loss can be determined based on average corrosion rates, SCC is a localized
form of corrosion. The service life of the material is considered complete when the fastest-
growing localized corrosion attack leads to the first perforation. Therefore, considering
the maximum crack growth rate or the minimum time for crack initiation is crucial in
estimating the life of components affected by SCC. In the absence of a crack, a component
can be assumed to have an infinite life from the perspective of SCC considerations [6].
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Figure 1. Schematic of general and localized corrosion development.
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SCC can occur in highly corrosion-resistant alloys, even in seemingly innocuous envi-
ronments. Detecting tight cracks perpendicular to the tensile stress axis during the initial
stages of SCC is challenging using non-destructive techniques. The highly localized nature
of SCC is evident from the high aspect ratio of a growing crack, which can reach values
as high as 1000. Additionally, SCC exhibits macroscopic brittleness in ductile materials,
allowing cracks to initiate and propagate without significant dimensional changes. These
features emphasize the potential for unnoticed failures if SCC is not anticipated [6]. In
pipeline steel, SCC crack initiation and propagation occur in three stages. Initially, small
SCC cracks continuously initiate and coalesce, representing a significant proportion of the
pipeline steel’s lifetime. Subsequently, these small cracks propagate rapidly, ultimately
leading to material failure. A notable feature of SCC in pipeline steels is the branching of
cracks, which can be classified into micro- and macro-branching [9].

This review aims to provide a comprehensive overview of SCC in refinery envi-
ronments, highlighting the importance of research and development in this area. The
complexity of SCC and its significant impact on refinery operations, including economic
losses and environmental disasters, underscores the urgent need for a thorough understand-
ing of the underlying mechanisms and the development of effective prevention strategies.
In this review, the parameters, mechanisms, assessment, and prevention methods of SCC
in refinery environments are discussed in detail. Furthermore, chlorine-induced SCC is
examined. By combining detailed failure analyses, process optimization, and materials
engineering, the refining industry can develop effective strategies to mitigate SCC and
ensure the safe and reliable operation of refinery equipment, thereby minimizing the risk
of catastrophic failures and their associated consequences.

2. SCC Failure Events

SCC has been a major cause of failures in gas and oil transmission pipelines since
the mid-1960s. This phenomenon, particularly affecting the external surfaces of buried
pipelines, occurs when a susceptible material is exposed to a corrosive environment and
tensile stress, either from internal pressure or external forces. SCC poses significant risks,
including leaks or ruptures, which can have severe consequences for nearby residents,
workers, and the environment. The first documented SCC incident occurred in 1965 in
Natchitoches, Louisiana, where a 24-inch natural gas pipeline ruptured, resulting in 17 fa-
talities. This tragic event spurred extensive research into SCC and led to the introduction
of U.S. pipeline safety regulations in 1970 [14].

Since then, SCC has been detected in pipelines across various countries, including
Iran, Canada, Pakistan, Australia, the United States, and the former Soviet Union. These
incidents have often resulted in catastrophic pipeline failures [15]. For example, the Tran-
sCanada pipeline experienced several SCC-related failures in Northern Ontario between
1985 and 1995, leading to two public inquiries by the National Energy Board (NEB) of
Canada [16]. The NEB identified the need for improved detection methods and material
standards to mitigate SCC risks. In Canada, SCC is a significant issue, with 30 to 40 pipeline
failures each year, some resulting in fatalities, such as a 1985 incident where a drainage tile
plow ruptured a gas pipeline [17]. These failures highlight the need for stringent regulatory
oversight and continuous monitoring of pipeline integrity.

SCC occurrences have also been reported across North America and Europe. In North
America, affected regions include Alberta, Ontario, and Saskatchewan in Canada, as well
as Arizona, Kentucky, South Carolina, and Tennessee in the U.S. Additionally, SCC has
been reported in two southern European countries. The outcomes of these cases vary
widely: while only two incidents resulted in ruptures while the pipelines were in service,
most were discovered during maintenance or hydrostatic testing [18]. Hydrostatic testing,
which involves pressurizing the pipeline with water to a level above its operating pressure,
can reveal weaknesses. The most commonly affected pipe grade was X60, known for
its widespread use due to its favorable strength and cost characteristics. Notably, 73%
of incidents occurred in pipes older than 30 years, primarily constructed between 1956
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and 1980, with no SCC incidents reported in pipelines built in the last 32 years [18]. This
suggests that newer materials and construction techniques may be more resistant to SCC.

SCC represents a critical threat to energy pipelines, potentially leading to catastrophic
failures that endanger human safety, harm the environment, and result in substantial
repair costs. For instance, in the 1970s, significant SCC incidents occurred in Canada’s
Lakehead Pipeline system, particularly in regions with high levels of hydrogen sulfide
(H,S), a corrosive component present in some crude oils. In 1978, the Trans-Alaska Pipeline
System experienced a major SCC event near Atigun Pass, Alaska, resulting in multiple
ruptures, oil spills, and a temporary shutdown. More recently, in 2017, SCC-related failures
on the Keystone Pipeline, operated by TransCanada (now TC Energy), caused a significant
oil spill in South Dakota, releasing approximately 210,000 gallons of oil. These incidents
underscore the ongoing challenges in managing SCC risks [19,20]. Alarmingly, SCC is
responsible for over 50% of failures in gas pipelines [21].

Overall, the threat of SCC to pipelines necessitates a multifaceted approach, including
improved materials science, better construction practices, rigorous regulatory frameworks,
and ongoing maintenance and monitoring efforts. The industry continues to explore
new technologies and methods to predict, detect, and mitigate SCC, ensuring the safety
and reliability of pipeline systems worldwide. Notable SCC-related incidents, such as
the 2014 gas pipeline explosion in Kaohsiung, Taiwan, which resulted in 32 fatalities
and 321 injuries, and the 2013 oil pipeline explosion in Qingdao, China, which caused
136 injuries and 62 deaths, illustrate the global nature of the SCC problem and the need
for international collaboration in research and technology sharing. In 2020, the Enbridge
Line 5 pipeline, which transports oil and natural gas liquids between the United States and
Canada, also failed due to SCC, further emphasizing the vulnerability of critical energy
infrastructure to this type of corrosion [22].

3. Required Parameters for SCC

SCC is a multifaceted phenomenon influenced by several critical parameters. These
include sensitized materials such as carbon steels, copper alloys, and high-carbon-content
stainless steels, as well as the presence of various types of tensile stress (residual, thermal,
or applied stress). Specific environmental conditions, including high-temperature water,
chloride or acidic solutions, moisture, and aqueous environments, also play pivotal roles.
The interaction among these factors is crucial for both the initiation and propagation of
SCC [23]. Figure 2 illustrates the primary contributors to SCC, emphasizing the intricate
interplay among these variables [24,25]. These factors will be discussed in more detail in
the subsequent sections.

Corrosive environment 5 iz
Aqueous solutions, moisture,
chloride/acidic solutions, and high-
temperature water

Tensile stress
Applied, thermal, or residual stress
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Sensitized materials
Stainless steel with high
_ carbon content, copper alloys,
and carbon steels

-

Figure 2. Requirements for SCC.
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3.1. Stress

SCC arises from the interplay of two primary stress factors: internal residual stresses
and external mechanical forces [23]. Internal stresses, also known as residual stresses,
are inherent in materials and stem from processes such as plastic deformation, thermal
treatments, and manufacturing techniques [5,26,27]. These residual stresses can be classified
into distinct categories based on their scales: Type I (macroscopic), Type II (microscopic),
and Type III (atomic level).

Type I residual stresses occur at a macroscopic level due to phenomena such as differ-
ential cooling, while Type II stresses manifest on a microscopic scale and are associated with
features like banded microstructures. Type III residual stresses operate at the atomic level
and result from chemical segregations and small coherent phases within the material [26].
Research indicates that internal residual stresses significantly influence SCC. For instance,
Chen’s study examined the impact of Type I residual stresses on neutral-pH SCC in pipeline
steels, demonstrating that plastic deformation and anodic dissolution can mitigate SCC
under such conditions. Beavers et al. [28] also found that the likelihood of SCC occurrence
is greater in regions with elevated residual stresses. Their study indicated that residual
stress in areas close to SCC colonies was nearly double that in regions farther away from
near-neutral-pH SCC colonies, highlighting the significant role of tensile residual stress
in SCC initiation. Similarly, Van Boven et al. [23,29] investigated the interplay between
residual stress and cyclic loading in pipeline materials. Their findings revealed that cyclic
loading from bending forces increased residual stress at the pipeline’s surface, significantly
heightening the steel’s susceptibility to crack initiation in a near-neutral-pH environment.
Tensile stresses, particularly those induced by welding and mechanical processes, play a
critical role in SCC fracture mechanisms [29].

External stresses, especially tensile stress, and mechanical actions during a mate-
rial’s operational life markedly affect its susceptibility to SCC. These stresses encompass
forces applied to the material during service, such as tensile, compressive, or shear stress,
which can cause the stretching, compression, or deformation of the material, thereby
compromising its structural integrity and increasing susceptibility to corrosion-induced
cracking [23,29]. For instance, external tensile stresses can induce SCC in buried pipelines
transporting hydrocarbons, particularly if the protective coating is compromised, leading
to a wet environment conducive to corrosion-induced cracking [5]. Tensile stresses are
pivotal in SCC fracture processes, whether applied directly or as residual stresses from
thermal processes [30]. Welding and mechanical actions such as cold deformation and
machining introduce residual stresses, thereby contributing to SCC susceptibility [30,31].

SCC can occur at stress levels below the material’s ultimate tensile strength, with
the rate of crack propagation influenced by the magnitude of stress applied. Controlled
compressive stresses, such as those induced by shot peening on component surfaces, can
mitigate SCC initiation [6]. The strain rate at the crack tip is critical, with SCC more likely to
occur within specific strain rate ranges. The stress threshold for SCC varies depending on
the material and environmental conditions. For instance, ASS components may experience
SCC in hot water at stress levels close to the material’s breaking point, while lower stress
levels may suffice in hot chloride environments. Effective understanding and prevention
of SCC require careful consideration of both external forces and internal residual stresses,
particularly in applications involving ASS components [23].

3.2. Environment

SCC poses a significant threat to engineering materials, particularly in environments
where aqueous conditions and specific aggressive ions, such as chlorides, are present.
These environments play a crucial role in both the initiation and propagation of SCC. The
susceptibility of an alloy to SCC is determined by both the nature of the material and the
aggressiveness of the surrounding environment. However, while a corrosive environment
is necessary, not all conditions induce SCC. Specific ions, such as chlorides, are particularly
harmful to alloys with protective films. For instance, copper alloys are vulnerable to SCC
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in ammonia-rich environments [32], whereas stainless steel and aluminum alloys are more
prone to chloride-induced cracking [33]. The ASS 300 series, in particular, exhibits high
susceptibility to SCC in chloride-rich conditions, especially at temperatures above 70 °C,
where cracking occurs primarily in a transgranular manner [34,35].

Various aggressive ions, including chlorides, caustic substances, and polythionic acid,
can accelerate SCC. Chlorides are notorious for penetrating the passive layer of stainless
steel, leading to the breakdown of protective films and the onset of SCC, even at ambi-
ent temperatures, particularly in heavily machined components [36,37]. In environments
where ASS is exposed to caustic substances or acidic conditions, such as in regions with
intergranular welding, the risk of SCC is significantly heightened [35]. In chemical and
petrochemical plants, the presence of polythionic acid, a byproduct of sulfur in feed gas, is
a known cause of intergranular SCC (IGSCC) in ASS, especially in moist conditions [36,38].
Aluminum and titanium alloys also show susceptibility to SCC in environments such as lig-
uid metals, organic liquids, and aqueous solutions, including water vapor and methanolic
solutions [35].

Pipeline materials, particularly those made from API 5L X60, X65, and X70, are often
exposed to harsh conditions involving high levels of H,S, carbon dioxide (CO,), and low-
pH water, all of which promote accelerated corrosion and hydrogen absorption. These
conditions are prevalent in environments like seawater, where atmospheric corrosion
due to salt and chloride ions can become severe if the pipeline’s coating is compromised,
particularly under deep-sea hydrostatic pressure [39,40]. Studies, such as those by Sun
et al., show varying SCC susceptibilities at different depths, with lower susceptibility at
1500 m but higher susceptibility at 3000 m [41]. Pipelines buried in soil face SCC challenges
influenced by anodic dissolution in high-pH solutions and hydrogen embrittlement (HE) in
near-neutral-pH environments [42-46]. The electrolyte composition, especially in carbonate-
rich or dilute solutions, significantly affects whether the cracking will be intergranular or
transgranular [47].

Sulfur compounds further complicate the SCC landscape. They not only contribute to
hydrogen-induced cracking (HIC) by forming manganese sulfide (MnS) inclusions, which
act as stress concentration sites [48,49], but also create corrosive conditions that exacerbate
SCC. Research by Fan et al. highlights increased SCC susceptibility in L360NS pipeline steel
in sulfur environments, linking it to hydrogen ion permeation, the degradation of protective
films, and the subsequent loss of mechanical properties under stress [50]. The transition
from a benign to a corrosive environment conducive to SCC can be driven by changes in
temperature, aeration, or the concentration of ionic species. The stability and solubility
of the reaction products in the environment significantly affect crack propagation. Cracks
often initiate from the surface oxide film, displaying a transgranular pattern, emphasizing
the importance of understanding crack morphology in SCC.

The resistance of an alloy to cracking largely depends on the stability of its surface
film, a condition described as borderline passivity, which is critical for crack initiation
and is achievable only within specific electrochemical potential ranges [51]. In pipeline
steels, SCC is influenced by stress intensity factors arising from both external loads and
stresses induced by the oxide film. These film-induced stresses are crucial in developing
SCC cracks, with initiation and propagation occurring when these stresses exceed a critical
threshold [52]. Figure 3 demonstrates SCC cracks initiated from the oxide film.

Achieving and maintaining borderline passivity, which is influenced by environmental
conditions and alloy characteristics, is essential for mitigating SCC risks. Understanding
the complex interplay between alloy susceptibility, environmental aggressiveness, and
protective film formation is vital for preventing SCC across various industrial applications.
For a detailed summary of environments that cause SCC in commonly used alloys, refer to
Table 1 [35].
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Figure 3. Initiation of transgranular stress corrosion cracking (TGSCC) induced by surface oxide.
(a) Overview of the crack initiation; (b) Detail of the transgranular crack intersecting a ferrite grain
boundary. (Reprinted/adapted with permission from Ref. [41]. 2024, Elsevier).

Table 1. Summary of environments associated with SCC of various alloys [25].

Metal Environment

Titanium alloys Methanol-HCl
Seawater
Red-fuming nitric acid
Stainless steels Condensing steam from chloride waters
NaOH-H,S solutions
H,S
Seawater
NaCl-H;0; solutions
Acidic chloride solutions
Steels Carbonate-bicarbonate solutions
Seawater
Acidic H,S solutions
Mixed acids (H,SO4-HNO3)
Calcium, ammonium, and sodium nitrite solutions
NaOH-Na,SiOy4 solutions

NaOH solutions
Nickel Fused caustic soda
Magnesium alloys Distilled water
Seawater

Rural and coastal atmospheres
NaCl-Na,CrOy solutions

Lead Lead acetate solutions
Inconel Caustic soda solutions
Gold alloys Acetic acid-salt solutions
FeCl3 solutions
Copper alloys Water or water vapor
Amines
Ammonia vapor and solutions
Al alloys Seawater

NaCl solutions
NaCl-H,0, solutions

3.3. Material

Environmental conditions critically influence SCC, but the metallurgical condition of
the material is equally pivotal in its initiation and propagation. SCC requires a specific
metallurgical state shaped by factors such as alloy composition, strength levels, the presence
of secondary phases, and grain boundary segregation. These factors can either enhance or
diminish the material’s resistance to SCC [5,6]. For instance, ASS becomes susceptible to
IGSCC when sensitized, even in seemingly benign environments like high-purity water at
elevated temperatures, especially if oxygen is present. Surface impurities and irregularities
significantly contribute to SCC and failure occurrences. However, reducing trace impurities
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such as phosphorus, sulfur, and arsenic in ASS substantially improves its resistance to
SCC [5].

Impurities like nitrogen and carbon at grain boundaries can influence caustic IGSCC
in carbon steel by disrupting passive film formation and affecting plasticity. This seg-
regation results in localized corrosive conditions, illustrating the intricate relationship
between metallurgical factors and SCC susceptibility [6]. In welding applications, pre-
venting selective corrosion in austenitic steels requires controlling the carbon content
within its solubility limits in austenite. Even low-carbon chromium-nickel austenitic
steels are not entirely immune to the adverse effects of welding thermal cycles [53,54].
Research shows that low-carbon steels containing nitrogen are particularly vulnerable to
SCC, as nitrogen forms solid interstitial solutions with iron and other metals due to its
small atomic radius [55,56].

Several studies have examined how various elements impact the SCC behavior of
pipeline materials, identifying phosphorus, manganese, and carbon as primary elements
of concern [9,57]. During steel solidification, these elements tend to segregate toward the
center of the slab thickness, forming hard phases and structures like martensite and bainite.
The segregation ratio of manganese is directly correlated with the carbon content. Notably,
low-strength carbon steels exhibit greater resilience to the detrimental effects of phosphorus
segregation compared to high-strength alloy steels [9,57].

Manganese significantly enhances austenite stability in steel, leading to increased
supercooling and reduced critical quenching rates, which improve the steel’s hardenabil-
ity. However, as the manganese content increases, the SCC resistance of high-strength
martensitic steel decreases. Manganese’s ability to trap nitrogen within the crystal lattice,
combined with carbon’s preference for dislocations along grain boundaries, reduces the
SCC resistance of high-strength steels [53,58]. Adding calcium to pipeline steel helps con-
trol sulfur levels, forming spherical sulfide-based inclusions that prevent the formation of
elongated MnS particles, which are typical sites for crack nucleation [59-62].

Copper also plays a crucial role by enhancing steel’s strength and SCC resistance
through the formation of fine copper-enriched precipitates. These precipitates improve
mechanical properties and reduce crack formation. Copper creates a protective barrier on
the steel surface that limits hydrogen diffusion into the steel matrix, enhancing resistance
to HE [63]. Baba et al. [64] demonstrated that the addition of copper significantly reduces
hydrogen permeation in sour environments by forming a thick barrier on the steel surface.

Elements that form stable compounds with nitrogen and carbon, which are soluble in
both «- and y-iron, profoundly impact SCC resistance. Strong carbide formers like titanium,
molybdenum, niobium, and vanadium improve the SCC resistance of low-carbon steels by
forming carbides that hinder crack propagation. Among these, titanium and molybdenum
have the most significant effects [53,58].

Niobium-stabilized austenitic steels show superior resistance to knife-line corrosion
compared to titanium-stabilized steels due to niobium’s greater resistance to dissolution
in austenite at high temperatures. Niobium binds carbon at grain boundaries, preventing
chromium carbide (M33C¢) formation, whereas titanium carbides dissolve more readily
during tempering, increasing lattice stresses. Niobium-stabilized steels also exhibit better
corrosion resistance near the fusion line. For instance, 08Cr17Hi5Mn9NND steel joints
showed no knife-line corrosion, even with some niobium-forming nitrides [53].

Chromium is essential for enhancing the corrosion resistance of steel alloys. Its
passivation leads to the formation of a protective oxide layer, significantly increasing
corrosion resistance. Stainless steel requires at least 13-15% chromium by mass to maintain
these properties [53,58]. Conversely, higher nickel content can reduce SCC resistance.
Silicon plays a crucial role in preventing carbide coagulation during tempering, enhancing
the stability of sorbitol structures, and slightly increasing the strength and yield strength of
steel [53,58].
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Metallurgical factors and microstructural characteristics critically influence SCC in
metals. Hard and brittle phases within the microstructure, particularly in steel, exacerbate
susceptibility to SCC crack propagation [9]. Zhu et al. [65] highlighted the relationship be-
tween SCC cracks and local microstructure in X80 pipeline steel. In high-pH environments,
abundant bulky granular bainite and polygonal ferrite microstructures primarily lead to in-
tergranular cracking. As the microstructure transitions to fine granular bainite and acicular
ferrite, both intergranular and transgranular SCC (TGSCC) cracks are observed. The pH of
the solution significantly affects the likelihood of transgranular crack propagation [65].

Beyond microstructural considerations, Gonzalez et al. [66] examined high-strength
low-alloy steel and underscored the significant influence of microstructure on SCC crack
propagation. Their findings highlight the roles of grain size and grain boundary char-
acteristics in the development of intergranular cracking. Sulfide stress cracking (SSC)
susceptibility is closely related to the steel’s hardness, microstructure, and chemical com-
position, typically propagating along grain boundaries but sometimes transgranularly [9].
Despite traditional mitigation methods like micro-alloying and heat treatments, recent
research has focused on crystallographic texture as a novel approach to reducing SCC
susceptibility in pipeline steels. Studies suggest that texture plays a significant role in
mitigating SCC [67-69].

3.3.1. Carbon and Low-Alloy Steels

Carbon and low-alloy steels, including those that are quenched and tempered or
possess a ferritic-pearlitic microstructure, exhibit susceptibility to SCC across a variety
of environmental conditions. These conditions include chloride, carbonate-bicarbonate
solutions, ammonia, alkanolamines, hydroxide, and hot nitrate [70]. The predominant
failure mode in these steels is intergranular cracking, which occurs along the prior austenite
grain boundaries. However, transgranular cracking can also manifest in environments
containing hydrogen (Hy), H;S, or high-temperature water.

The SCC resistance of these steels is inversely related to their strength level or hardness;
as the strength or hardness increases, the resistance to SCC typically decreases. Extensive
research has been conducted on the influence of steel composition on SCC susceptibility.
However, real-world applications often present complexities due to interactions among
welding properties, material strength, and heat-treatment responses [71].

The susceptibility of carbon and low-alloy steels to SCC is also affected by the dis-
tribution of potential-pH domains across various environmental conditions and temper-
atures [70]. These domains are critical for understanding the initiation and propagation
mechanisms of SCC in these materials. The presence of Fe3O, (magnetite) is often indicative
of conditions conducive to SCC, suggesting its role in the cracking process. Additionally,
phases such as FeCOj (siderite) and Fe3(POy); (vivianite) can influence SCC behavior in
specific environments. A key aspect of SCC susceptibility is the relationship between the
pitting corrosion potential and crack initiation, underscoring the significance of localized
factors. Although SCC mechanisms can vary, understanding these potential-pH domains
provides valuable insights into the processes driving SCC in carbon and low-alloy steels.
Moreover, these steels are prone to SCC even in environments that are typically considered
passivating or conducive to forming protective oxide films. For instance, environments like
high-temperature water, ethanol, carbonates, nitrates, phosphates, and strong caustic solu-
tions, which usually foster the formation of passive layers on carbon steels, have induced
SCC in these materials.

These challenges pose significant economic and safety concerns due to the extensive
use of carbon steels in industrial applications. For example, the catastrophic failure of an
ammonium nitrate plant, resulting from nitrate-induced cracking, led to severe financial
losses and major safety incidents. Similarly, caustic cracking in steam-generating boilers
made from low-alloy steels remains a persistent problem, causing repeated emergency
shutdowns in facilities like ammonia plants [30,70].
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3.3.2. High-Strength Steels

High-strength steels, characterized by hardness levels above 440 HRC, exhibit height-
ened susceptibility to IGSCC, even in typically non-corrosive environments such as moist
air. Environments containing chlorides are particularly detrimental, as they promote SCC
in these materials. HE is widely recognized as the primary mechanism of SCC in high-
strength steel. The presence of cathodic poisons such as sulfur, tellurium, selenium, and
arsenic exacerbates SCC by impeding hydrogen recombination and increasing hydrogen
absorption by the steel. Moreover, these steels are susceptible to SCC in the presence of
organic compounds and in environments that produce hydrogen. Temperature signifi-
cantly influences SCC kinetics in hydrogen gas environments, with the steel’s strength level
critically affecting susceptibility. Maraging steels generally exhibit better resistance to SCC
than high-strength steels due to their microstructural refinement and hydrogen-trapping
capabilities. However, the specific mechanism by which HE induces SCC in high-strength
steels remains unclear and necessitates further investigation.

Due to their inherent sensitivity to SCC, isolating high-strength steels from corrosive
environments is advisable whenever possible. Despite variations in SCC resistance among
different high-strength steels, it is prudent to limit the specified yield strength to meet
minimum requirements. Regarding intergranular cracking, chemical composition and
reactions at grain boundaries are critical factors influencing material susceptibility to SCC.
Impurity elements such as antimony, tin, arsenic, and phosphorus can promote temper
embrittlement and increase susceptibility to SCC. However, microstructural modifications,
including martensite structure refinement and increased dislocation densities, can mitigate
SCC by reducing hydrogen accumulation and enhancing resistance to embrittlement.
Understanding the interplay among composition, microstructure, and SCC mechanisms
is essential for developing effective mitigation strategies for high-strength steels. Current
research endeavors aim to elucidate specific SCC mechanisms in these materials, offering
insights into potential mitigation techniques and enhancing the reliability of high-strength
steel components in corrosive environments [71].

3.3.3. Stainless Steels

Stainless steels, characterized by a chromium content of at least 11%, exhibit diverse
microstructures, including austenitic, ferritic, martensitic, and duplex phases. The suscepti-
bility of these steels to SCC is influenced by factors such as thermal history, microstructure,
and alloy composition. The SCC susceptibility of various stainless steel grades depends on
specific environmental conditions. ASSs are prone to cracking in hydroxide- and chloride-
rich environments, while duplex stainless steels can experience cracking in sour gas and
chloride-rich environments. Ferritic and martensitic stainless steels are vulnerable to crack-
ing under both cathodic and anodic conditions. The exact mechanisms of SCC in these
systems vary but are typically associated with specific environmental triggers, such as
chloride-induced SCC or caustic SCC.

Extensive research has investigated SCC in austenitic, ferritic, martensitic, and
duplex stainless steels. The nickel content and sensitization of these steels significantly
influence their susceptibility to SCC, with higher nickel content generally enhancing
resistance. Sensitized stainless steels are prone to IGSCC, whereas non-sensitized steels
typically experience transgranular cracking. The behavior of ASS in chloride-containing
environments shows a temperature-dependent threshold below 50 °C, beyond which sus-
ceptibility to SCC increases. This susceptibility arises from localized corrosion processes
such as pitting, crevice corrosion, and trench formation, which lead to acidification at
the crack tip and accelerate crack propagation through corrosive species and enhanced
electrochemical reactions.

The presence of delta-ferrite in ASSs enhances their resistance to SCC by impeding
crack growth. In contrast, duplex stainless steels exhibit superior resistance due to the
cathodic protection provided by the ferrite phase. In high-temperature water, SCC in
weld heat-affected zones (HAZ) presents a significant challenge, necessitating predictive
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modeling and mitigation strategies. IGSCC induced by polythionic acid in sensitized
stainless steels can be mitigated by reducing sensitization and adjusting plant shutdown
conditions. Anodic and cathodic polarization techniques also offer preventive measures
against polythionic acid SCC, operating within a narrow potential range. Other sulfur
species, such as sulfate, thiocyanate, and thiosulfate solutions, can also induce SCC in
sensitized stainless steels [71].

3.3.4. Nickel Alloys

Nickel and its alloys are frequently chosen for their resistance to SCC, although sus-
ceptibility can arise under specific environmental, microstructural, and stress conditions.
IGSCC is prevalent in environments such as high-temperature water, gaseous hydrogen,
sulfur-containing atmospheres, and acidic and basic solutions. Nickel-based alloys have ap-
plications in various industries, including Ni-Fe-Cr alloys for power generation, Ni-Cr-Mo
alloys for chemical processing, and Cu-Ni alloys for seawater applications. Precipitation-
hardenable alloys like X750 and 718 are utilized for their high-strength properties.

Alloy 600, a well-studied nickel-based alloy, primarily experiences IGSCC. Precipitation-
hardenable alloys are more susceptible to SCC due to the formation of intermetallic phases
during aging, which enhances material strength. Carbide precipitation and sensitization
from chromium depletion along grain boundaries significantly contribute to SCC suscepti-
bility across different environments. Nickel-based alloys exhibit heightened susceptibility
to SCC at elevated temperatures in high-purity water, particularly under deaerated condi-
tions, whereas they demonstrate resistance to SCC at high temperatures in solutions with
elevated chloride concentrations.

Hydrogen absorption can accelerate crack propagation in nickel-based alloys, par-
ticularly under various hydrogen charging conditions. Hydrogen-assisted mechanisms
and anodic dissolution contribute to SCC, with local grain boundary sliding identified
as a significant factor in crack initiation. High-strength nickel-based alloys are prone to
hydrogen-assisted cracking, potentially influenced by the Slip Dissolution Viscous Creep
(SDVC) mechanism, which promotes local grain boundary sliding under specific SCC
conditions [71].

3.3.5. Copper Alloys

Copper alloys, such as brass, are particularly susceptible to SCC, especially in envi-
ronments where moisture condensation facilitates the rapid formation of cupric complex
ions and tarnish films predominantly composed of Cu,O [71]. This phenomenon, known
as seasonal cracking, has historically been observed during rainy seasons, notably affecting
brass cartridges used by the British Army in India. Brass, primarily composed of copper
and zinc (Cu-Zn) alloy, exhibits varying degrees and modes of cracking depending on its
zinc content [32,72].

Research on SCC in copper alloys has primarily focused on moist air conditions. How-
ever, SCC has been documented in various other environments, including those containing
chlorides, nitrites, nitrates, sulfates, and even pure water [71]. Pure copper, especially
when exposed to solutions containing acetate and nitrite, also shows susceptibility to
SCC. Cathodic polarization suppresses SCC, while general corrosion is exacerbated un-
der noble potentials. Conversely, the anodic polarization of copper alloys from their free
corrosion potential significantly increases SCC. Additionally, the temperature dependence
of SCC in copper alloys follows an Arrhenius-type behavior, characteristic of thermally
activated processes.

The mechanism of SCC in these alloys is complex, involving both intergranular and
transgranular cracking mechanisms. IGSCC typically proceeds through a detachment
or film breakage process, while TGSCC may involve discontinuous cleavage initiated by
an epitaxial film, such as a dealloyed layer or oxide at the crack tip [32,72]. In TGSCC,
dealloying becomes critical when the alloy exceeds specific limits, approximately 14 atomic
percent (a/o) for Cu-Al alloys and 18 a/o for Cu-Zn alloys, which dictate their susceptibility
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to SCC. It is noteworthy that while alloys with higher zinc content commonly exhibit
TGSCC, those with lower zinc content may display IGSCC [32,71,72].

3.3.6. Aluminum Alloys

Aluminum and its alloys are renowned for their exceptional corrosion resistance,
which is attributed to the formation of a protective oxide film on their surfaces. This oxide
film, typically consisting of two layers, provides stability within a pH range of approxi-
mately 4 to 8.5. However, exposure outside these pH values can lead to aluminum corrosion,
resulting in the generation of A1>* or AlO,~ ions due to the solubility of aluminum ox-
ides in various acids and bases [71]. The SCC phenomenon in aluminum alloys has been
extensively studied, revealing its complexities and influencing factors. Second phases,
often intermetallic compounds, are common in aluminum alloys, ranging from negligible
amounts to about 20%. These phases precipitate predominantly along grain boundaries
and significantly affect the corrosion behavior of aluminum alloys due to their varying
electrode potentials relative to the matrix. IGC, frequently observed in these alloys, arises
from electrochemical potential gradients between adjacent grains and grain boundaries,
with the anodic path showing compositional variations across different alloy compositions.
The susceptibility of aluminum alloys to SCC is notably influenced by IGC and pitting
corrosion. Alloys containing soluble alloying elements (e.g., zinc, silicon, magnesium,
and copper) are particularly prone to SCC, where intergranular pathways facilitate crack
propagation under stress and environmental conditions. However, mitigation strategies
such as cathodic protection or specific heat treatments can modify the microstructure and
reduce SCC susceptibility [71,73,74].

In the context of SCC in aluminum alloys, water and water vapor are critical en-
vironmental factors contributing to its development. Halide ions, especially chlorides,
significantly exacerbate the susceptibility of these alloys to SCC. Generally, in alkaline
solutions, the susceptibility to SCC is relatively low compared to neutral and acidic environ-
ments. The fundamental principles of SCC involve localized anodic dissolution occurring at
grain boundaries under the synergistic influence of stress and environmental factors, along
with hydrogen ingress or adsorption contributing to crack propagation. The non-uniform
progression of cracks in SCC-susceptible aluminum alloys suggests that continuous anodic
dissolution alone cannot fully explain crack propagation [71].

Aluminum and its alloys are prone to failure via intergranular cracking when subjected
to significant stresses and exposed to specific environmental conditions. Notably, the 2xxx,
5xxx, and 7xxx series of aluminum alloys exhibit heightened susceptibility to SCC due to
their inherent chemical compositions and microstructural characteristics. The 7xxx series
alloys, widely used in structural, military, and aerospace applications for their exceptional
mechanical properties, including high strength-to-weight ratios and fatigue resistance, are
particularly vulnerable to SCC. Therefore, carefully considering SCC susceptibility during
the design and manufacturing processes is essential to ensure the integrity and reliability
of final products [71,73-75].

3.3.7. Hexagonal Alloys: Magnesium, Zirconium, and Titanium

Materials with a hexagonal close-packed crystal structure, such as zirconium and
titanium, exhibit highly negative potentials in aqueous environments, emphasizing the
significant role of hydrogen uptake in enhancing their resistance to SCC. Zirconium and
titanium form stable hydrides, whereas magnesium hydride decomposes rapidly above
280 °C, displaying lower hydrogen solubility than zirconium and titanium [71].

While titanium alloys generally demonstrate excellent resistance to SCC, specific
environments, such as anhydrous methanol, hot salts, and strong oxidizers, can induce
SCC [71,76]. In halide solutions, active corrosion trenches initiate cracks that propagate
through anodic dissolution or hydrogen-assisted cracking mechanisms. This process
can involve the local precipitation of brittle titanium hydride, significantly affecting the
mechanical properties of the material [71]. Kiefer and Harple first reported the SCC
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susceptibility of commercially pure titanium in aqueous environments, particularly in
red-fuming nitric acid (HNO3). Subsequent cases of hot-salt cracking were observed in
turbine blades made from titanium alloys operating at elevated temperatures. Brown also
documented instances of SCC in titanium alloys exposed to room-temperature aqueous
environments, highlighting susceptibility in seawater, particularly in the titanium 8-1-1
alloy [30].

SCC in zirconium alloys is confined to specific conditions, such as halogen vapors,
concentrated HNOj3, and oxidizing chloride solutions, with mechanisms akin to those
observed in titanium alloys. Additionally, susceptibility to SCC has been noted in methanol
environments, primarily affecting methanol and potentially other low-molecular-weight
alcohols [71]. Whether cast or extruded, magnesium-based alloys may be susceptible to
SCC under diverse conditions, such as purified water and air. Alloys containing aluminum
are particularly vulnerable, with increased susceptibility in the presence of zinc. Cracking
can occur along grain boundaries or transgranularly, influenced by cathodic regions within
the microstructure. TGSCC in magnesium alloys typically manifests along twinning planes
or cleavage, often exhibiting extensive branching. Proposed SCC mechanisms include
the brittle hydride model, developed based on observations of stress-induced magnesium
hydride phases. Cathodic polarization generally mitigates SCC susceptibility, whereas
anodic polarization exacerbates it [71].

3.3.8. Austenitic Stainless Steel (ASS)

ASS is susceptible to SCC in environments containing polythionic acid, caustic solu-
tions, and chlorides. Sensitization occurs when ASS with more than 0.03 wt.% carbon is
heated, leading to the precipitation of Mp3Cg at grain boundaries [77]. This sensitization
reduces the chromium content along grain boundaries, making them prone to rapid pref-
erential dissolution and increasing vulnerability to SCC [78]. The stability of the passive
film in ASS, crucial for corrosion resistance, is influenced by factors such as temperature,
acidity, halide content, and the potential difference between the metal and the solution [79].
Sensitized stainless steels are particularly susceptible to SCC in the presence of halides,
including chlorides, bromides, and iodides, which can induce pitting corrosion [80].

ASS sensitization occurs at elevated temperatures, resulting in M»3Cy precipitation
along grain boundaries [4]. The kinetics of this precipitation depend on the carbon content,
with lower carbon content requiring more time for sensitization. Chromium and nitrogen
increase carbon solubility, delaying or reducing precipitation, while molybdenum and
nickel promote it. The presence of nitrogen can also reduce carbide precipitation in ASS [81].
Elements enhancing passive film stability contribute to resistance against pitting, crevice
corrosion, and SCC [35].

Table 2 presents the chemical compositions of frequently used ASSs in various in-
dustrial applications. ASSs like S5304 and SS316 are widely used in industry for their
exceptional properties, enabling the manufacture of corrosion-resistant components and
containers. For instance, S5304 and SS316 are employed in high-pressure piping systems
and primary circuits of Boiling Water Reactors (BWRs) and Pressurized Water Reactors
(PWRs), respectively. S5316, modified with additional elements such as titanium, silicon,
and phosphorus, is used in light water reactors for fuel cladding tubes [82,83]. These alloys
exhibit outstanding mechanical properties, including an elongation of 66.5%, yield strength
of 410 MPa, and tensile strength of 691 MPa [4,84].

The resistance of ASS to pitting corrosion is influenced by the alloy composition,
which can be quantified using the Pitting Resistance Equivalent Number (PREN). A higher
PREN value indicates improved corrosion resistance. For example, due to its molybdenum
content, S5316 (PREN = 25) exhibits superior pitting corrosion resistance compared to S5304
(PREN = 20). Other grades, such as SS310 and 55321 /55347, are utilized to mitigate cold
work hardening, withstand high temperatures, and facilitate welding in high-temperature
applications. However, designers must be cautious of high sulfur levels in tubing, which
aid in welding but compromise corrosion resistance [85-87].
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Table 2. Chemical compositions of commonly applied ASSs in cooling and piping systems [4].
Element (wt.%)
ASS - i
Cr Ni S P Mn Mo Si N C Others
55302 17.00 8.00 0.030 0.045 2.00 - 0.75 0.10 0.15 -
55310 24.00 19.00 0.030 0.045 2.00 - 1.50 - 0.25 -
55347 17.00 9.00 0.030 0.045 2.00 - 0.75 - 0.08 Nb1.00
55321 17.00 9.00 0.030 0.045 2.00 - 0.75 0.10 0.08 Ti 0.70
55316 18.00 10.00 0.030 0.045 2.00 2.00 0.75 0.10 0.08 -
55304 18.23 8.13 0.004 0.029 1.65 - 0.35 0.10 0.06 -

Pitting corrosion accelerates in chloride environments, forming distinct anodic and
cathodic zones. Exposure to chloride aqueous solutions disrupts the passive film, which
is promptly replenished with a chromium-enriched layer. The thickness of the passive
film increases over time due to elevated Fe?* levels in the oxide layer with prolonged
exposure at elevated temperatures. Increased chloride ion concentration within the typical
atmospheric humidity range exacerbates pitting corrosion [88,89]. Given the susceptibility
of ASSs to SCC in chloride environments, chloride ions play a critical role in initiating
and propagating SCC. The interaction between chloride ions and sensitized stainless steel
surfaces accelerates passive film breakdown, leading to localized corrosion and eventual
crack formation under stress. Understanding these mechanisms is crucial for mitigating
SCC risks in chloride-rich environments [88,89].

The resistance of high-strength steels to SCC varies with the tempering temperature.
Initially, SCC resistance increases with the tempering temperature but diminishes at
specific points. However, further tempering can enhance resistance again. The specific
tempering temperature affecting SCC resistance depends on the steel composition. For
instance, steels like 08Cr15Ni5Cu2Ti and 13Cr15Ni4NMo3 are most susceptible to SCC
after tempering between 425 °C and 475 °C, achieving maximum strength. At lower
temperatures (200-350 °C) and higher temperatures (525-560 °C), SCC resistance im-
proves, potentially eliminating cracking. Welded joints exhibit different behaviors based
on tempering temperatures; joints welded below 400 °C experience reduced SCC rates,
while those welded above 500 °C are less susceptible. The effective pre-treatment of
steels like 08Cr15Ni5Cu2Ti at 500-550 °C alters the microstructure, preventing SCC and
IGC in welded joints [53].

Low-temperature tempering uniformly forms carbide particles within steel crystals,
reducing internal stress and enhancing SCC resistance. Increased tempering tempera-
tures lead to more precipitation and martensite formation from austenite. This results in
martensite decay along grain boundaries, creating carbon-depleted zones as cathodes and
carbon-enriched areas as anodes. Further tempering extends martensite decay through-
out the grain, reducing internal stress and increasing SCC resistance. These mechanisms
illustrate how the tempering temperature influences the SCC resistance of high-strength
steels, underscoring the importance of composition and heat treatment in mitigating SCC
risks [53,55,90].

4. SCC Mechanism

SCC manifests through two primary mechanisms: dissolution-based and cleavage-
based. In dissolution-based SCC, materials corrode locally at crack tips, compromising
the passive film and initiating cracks, while cleavage-based SCC involves brittle fractures
along grain boundaries [71,91].
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4.1. Dissolution Mechanism

Dissolution-based SCC initiates through localized corrosion at crack tips, where the
passive film breaks down, indicating localized film failure. This process is influenced by
three dissolution mechanisms: the pre-existing active path model, the strain-generating
active path mechanism, and the corrosion tunnel model [71]. Anodic dissolution at pre-
existing grain boundaries, often containing intermetallic and segregated compounds, is ex-
acerbated by tensile stress, a phenomenon known as the mechanoelectric effect. Chromium-
depleted grain boundaries are particularly susceptible, leading to intergranular cracking,
which is mainly observed in sensitized ASS [35].

In the strain-generating active path mechanism, crack growth proceeds through cycles
of passivation and dissolution along slip steps or crack tips. This involves the rupture,
dissolution, and repassivation of the passive film on the metal surface [92]. Crack growth
may pause at slip steps until repassivation occurs, characterized by arrest marks on cracked
surfaces, while smooth surfaces may exhibit cleavage. Additionally, intergranular cracks
can form due to grain boundary features on the fractured surface [93,94].

The corrosion tunnel model describes cracks initiating at slip steps and propagating
under tensile stress, potentially leading to ductile or mechanical failure. These cracks
initially appear as thin tunnels and may progress to mechanical fracture, with surfaces
expected to match closely [4]. The dissolution-based model is influenced by the interplay
between dissolution and repassivation rates. Accelerated crack growth in chloride-induced
SCC occurs when dissolution exceeds repassivation, driven by chloride ions and mechanical
stress. Conversely, rapid repassivation thickens the passive film, hindering further slip-step
corrosion [95,96].

4.2. Cleavage Mechanism

The cleavage-based mechanism involves crystal fractures propagating along crys-
tallographic surfaces, leading to brittle failure [71]. The adsorption-induced cleavage
mechanism occurs when environmental species are adsorbed under stress, resulting in
cleavage fracture. Tensile stress weakens atomic bonds along grain boundaries, particularly
at crack tips where chloride ions are present [97]. The tarnish rupture mechanism involves
cyclic processes of arrest marks, film formation, crack growth, and film fracture. Under
tension, cracks initiate due to brittle passive films. Upon exposure to the solution, repassi-
vation halts crack propagation, primarily through transgranular fracture surfaces, enabling
IGSCC ahead of the crack tip [98,99].

The film-induced mechanism suggests that passive film formation through disso-
lution may lead to brittle crack development under tensile stress, propagating beyond
film thickness into the metal volume. Crack propagation halts due to the metal’s tough
microstructure, resulting in blunted cracks through plastic deformation. Factors influenc-
ing film-induced cleavage include film thickness, initial cleavage crack velocity, substrate
toughness, and the bonding strength between the metal matrix and the passive film [4].
The atomic surface mobility mechanism, which focuses on the role of hydrogen atoms,
predicts crack susceptibility under environmental conditions. Vacancy diffusion is criti-
cal, as it removes crystal lattice elements near crack tips, enabling atomic migration and
crack propagation in the presence of aqueous contaminants [4,100]. Chatterjee [101] notes
that multiple mechanisms contribute to SCC rather than a single dominating mechanism.
According to the cleavage-based model, hydrogen atoms migrate to crack tips, causing
embrittlement and contributing to SCC. The dissolution of oxide films by anodic chloride
ions enhances the concentration of acidic species at crack tips [102].

4.3. SCC Development

Crack growth rates depend on loading conditions, environmental aggressiveness,
exposure duration, and material sensitization. Mathematically, the crack growth rate
is related to the crack length, exposure time, and metal sensitization. Sensitization
involves the formation and precipitation of M3C¢ along grain boundaries, depleting the
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chromium content and disrupting the protective film (Figure 4 left). Decreased chromium
content leads to a sudden discontinuity in the passive film. ASS sensitization, often
resulting from welding or exposure to high temperatures, diminishes SCC resistance
and accelerates crack propagation, even under low-stress conditions. Figure 4 right
illustrates specific crack paths observed in anodic solutions, depicting the distinctions
between IGSCC and TGSCC [103].

Chromium carbide precipitation

Chromium depletion
region (anode)

Solution in crack

oH'+ 26 — H, or }
0,+2H,0 + 46 — 40H "

Protective layer Anion initiating SCC

N
/
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Figure 4. (left) Chromium carbide precipitation at grain boundaries in sensitized stainless steel and
(right) SCC mechanism: interaction between anodic solution and material resulting in IGSCC and
TGSCC [4].

ASS components in BWRs and PWRs are susceptible to Irradiation-Assisted SCC
(IASCC) and IGSCC [104]. BWRs’ thermally sensitized ASS components are particu-
larly prone to IGSCC, which is exacerbated by neutron exposure that initiates and propa-
gates cracking [105]. Conversely, TGSCC typically originates on the exterior surfaces of
ASS components.

Chloride contamination creates aqueous environments that are ideal for crack propa-
gation, often facilitated by thermal insulation, water ingress, or wetting. This environment
fosters pitting or crevice corrosion concurrently with SCC, particularly under tensile stress
conditions [106]. ASS components are prone to SCC under suitable corrosive conditions.
Parkins identified three stages in the stress corrosion spectrum of various materials ex-
posed to diverse corrosive solutions: pre-existing active paths, strain-induced active paths,
and specific subcritical stress location adsorption [4]. According to the Parkins model,
SCC progresses through initiation, propagation, film rupture, and pitting [103]. Elevated-
temperature interactions between applied tensile stress and corrosive solutions disrupt
local passive films, leading to pitting and subsequent crack initiation. Stress localization
profoundly impacts pit formation, influencing the crack length and material properties
(Figure 5).

Héanninen [71] suggested that CI-SCC is typically absent in non-sensitized ASSs
below 50 °C under near-neutral conditions. However, low-pH conditions can induce
Cl-SCC, even at room temperature. In chloride solutions, pits or localized corrosion often
initiate cracks, whereas crevice corrosion acidifies crack tips, hydrolyzing dissolved
metal ions [99,107]. Xie et al. [108] studied SCC in SS316 under simulated PWR condi-
tions through solution treatment and cold working. The introduction of chloride ions
significantly increased SCC susceptibility. The mechanism involves the cyclic rupture
and regeneration of the oxide film through metal atom diffusion, producing dissolved
chlorides that form microcracks and accelerate the initiation and propagation of TGSCC.
Dissolved oxygen enhances crack growth in cold-worked SS316 by promoting anion
diffusion at crack tips, thereby accelerating SCC.
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Figure 5. A three-stage model for SCC progression (Reproduced/reprinted /adapted from Ref. [4].
2024, licensed under an open access Creative Commons CC BY 4.0 license).

Once initiated, CI-SCC in ASS cannot be completely stopped, but it can be mitigated.
Yeom et al. [109] employed cold spray technology to mitigate C1-SCC in nuclear fuel storage
canisters by propelling SS304L powder particles with helium and nitrogen gases, increasing
particle velocity. This method penetrated oxide layers, inducing compressive residual stress
and effectively sealing crack openings as a physical barrier, which inhibits the progression
of CI-SCC.

SCC is a sudden and severe failure mechanism in materials exposed to corrosive envi-
ronments, particularly in chloride-rich and high-temperature conditions. ASS sensitization
from welding or high temperatures leads to intergranular crack formation along grain
boundaries, contrasting with transgranular cracking in unsensitized materials. Parkins’s
stress corrosion spectrum and dissolution-based models elucidate the contributions of
chloride ions to passive film breakdown and crack propagation.

5. Chloride-Induced Stress Corrosion Cracking (CI-SCC)

Chloride-induced stress corrosion cracking (CI-SCC) occurs when metals, particularly
ASS and nickel alloys, are exposed to corrosive environments under tensile stress [110]. The
kinetics of transient oxidation in Cl-SCC systems are complex and depend on the interplay
of material properties, environmental factors, and loading conditions [111]. Shallow pits,
although easily inspected, can act as stress concentrators, potentially initiating SCC [112]. In
petroleum refining, environments containing polythionic acids, amines, ammonia, caustics,
and molten chlorides are commonplace. Chlorides, in particular, are known to induce
TGSCC in ASS and nickel alloys [113]. Despite the prevalence of sulfates, chlorides are
considered more aggressive in promoting SCC. Understanding the composition and origin
of deposits in refining environments is crucial [110].

The initiation of CI-SCC in refineries typically stems from chloride-containing
compounds present in crude oil, refining processes, or external sources such as seawater
ingress. Upon contact with metal surfaces, subsequent cooling and moisture absorption
lead to the formation of a corrosive layer, fostering localized corrosion and potential
SCC under stress conditions [4]. Externally initiated C1-SCC involves electrochemical
mechanisms followed by a propagation stage influenced by electrochemistry and metal
separation [114]. Cl-SCC can lead to deterioration and potential structural failures
in industrial applications, impacting safety through partial or through-wall corrosion
and cracking [115]. This poses a significant risk to ASS, especially in chloride-rich
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environments where transgranular cracking predominates, although sensitized steels
may experience intergranular cracking [113].

Various parameters influence Cl-SCC in refinery settings, reflecting diverse operational
and environmental conditions. Critical environmental factors include chloride content, pH,
temperature, impurity concentrations, and the formation of chloride-containing moisture
films. Relatively low temperatures (below 100 °C) can catalyze SCC in corrosive solu-
tions [4]. Deliquescent chlorides, capable of absorbing moisture, form highly concentrated
films on equipment surfaces, with deliquescence relative humidity (RH) playing a pivotal
role in film inijtiation [116,117]. External sources of chlorides, such as rain, coastal fog, deic-
ing salts, and process leaks, significantly contribute to chloride exposure on metal surfaces,
particularly in industries located near coastal areas. Over time, equipment performance
can be adversely affected by corrosion induced by the hygroscopic properties of salts and
the deposition of chloride ions as aerosols. These factors can contribute to localized SCC,
especially in areas with high residual stresses from welding. Airborne pollutants, dust, and
aerosols can deposit on equipment surfaces, leading to localized corrosion attacks [118].
Thermal insulation can exacerbate ASS susceptibility to SCC. While localized corrosion
is widely recognized as the primary initiator of CI-SCC, the mechanisms governing crack
propagation remain complex and not fully understood [119]. Crack propagation likely
involves electrochemical dissolution and atomic-level fracture mechanisms within the
metal structure [120].

In industrial settings, particularly in equipment such as steam generators, coolant
systems, heat exchangers, and pipes, ASS faces an elevated risk of CI-SCC due to prevailing
operational conditions and the presence of chloride ions in coolants [82]. Despite the
corrosion resistance of 300 series stainless steel, exposure to temperatures above 60 °C
increases its susceptibility to C1-SCC in aqueous environments. This can lead to passive
film degradation, pit formation, and cracking under tensile stress [121]. The resulting threat
to refinery equipment necessitates proactive measures to mitigate risks effectively [111].
Operational stresses, including cyclic loading, thermal stresses, pressure changes, and
potential welding during construction or maintenance, contribute to residual stresses.
Tensile stresses induced by welding, particularly in ASS without stress relief treatments,
create an environment conducive to the initiation and propagation of CI-SCC. Despite
limited direct measurements, high residual stresses along weld directions increase the
material’s vulnerability to CI-SCC. Advances in residual stress modeling underscore the
critical role of welding-induced residual stresses in governing CIl-SCC susceptibility in
ASS [4].

5.1. Factors Affecting CI-SCC
5.1.1. Materials

Cl-SCC poses a significant challenge in refinery operations, particularly concerning
material susceptibility. The spectrum of susceptibility ranges from carbon steel and low-
alloy steels, which exhibit lower resistance, to alloys such as 300 series stainless steels, Alloy
400, duplex stainless steels, Alloy 800, Alloy 825, Alloys 625 and C276, and titanium, which
demonstrate higher resistance to C1-SCC.

CI1-SCC occurs when materials susceptible to chloride exposure, such as 300 series
stainless steels, encounter chloride salts. This form of corrosion poses a significant threat
to piping and equipment integrity across various refining units, including product stabi-
lizer towers, recycle gas systems, Fluidized Catalytic Cracking Units, overhead systems
of crude distillation and fractionation columns, hydroprocessing effluent systems, cat-
alytic reforming units, and hydrotreater desulfurizer prefractionators. Reactor effluent
streams operating at approximately ~300 °F are especially prone to fouling and corrosion
induced by chloride salts. Understanding the metallurgical nuances influencing material
susceptibility to CI-SCC is crucial for selecting appropriate materials and implementing
effective corrosion mitigation strategies in refinery environments. Metallurgical consid-
erations are paramount in determining susceptibility to CI-SCC, with factors such as
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alloy composition, microstructure, and grain boundary characteristics playing crucial
roles. Carbon steel and low-alloy steels, with higher iron content and susceptibility to
sensitization, are more prone to chloride-induced corrosion and cracking than stainless
steels and corrosion-resistant alloys. While ASSs, such as the 300 series, offer corrosion
resistance, they remain susceptible to C1-S5CC under certain conditions, particularly in
chloride-rich environments and under tensile stresses. Duplex stainless steels exhibit
improved resistance due to their dual-phase microstructure, combining characteristics
of austenitic and ferritic stainless steels [122].

Microstructural effects significantly influence material susceptibility to CI-SCC, with
grain boundaries acting as preferential sites for chloride ion ingress and crack initiation.
Sensitization in ASS, characterized by My3Cq precipitation along grain boundaries, can
increase susceptibility to CI-SCC by depleting the chromium content in the adjacent matrix.
Techniques such as grain boundary engineering, involving modification or alloying, can
enhance resistance by minimizing grain boundary sensitization and promoting a more
corrosion-resistant microstructure. Alloy selection criteria are crucial in mitigating C1-SCC
risk, considering factors including chloride content, temperature, pressure, and mechanical
loading. Alloys with higher chromium, molybdenum, and nickel contents, such as Alloys
825, 625, and C276, demonstrate superior resistance compared to carbon steel and low-alloy
steels. Titanium alloys offer excellent corrosion resistance in chloride-rich environments
due to the formation of a stable passive oxide film on their surface. By comprehending
metallurgical factors and integrating this knowledge into alloy selection and design consid-
erations, engineers and materials scientists can develop robust solutions to mitigate C1-SCC
risk in refinery environments [122].

Alloy chemistry and microstructure profoundly influence the susceptibility of stainless
steel to SCC. ASSs are particularly vulnerable to CI-SCC, contrasting with the superior
resistance of ferritic stainless steel. Nickel, molybdenum, and nitrogen play pivotal roles in
enhancing the SCC resistance of ASSs. Increasing the nickel content above 8% in ASSs can
significantly improve their resistance to CI-SCC. Additionally, molybdenum and nitrogen
have been found to enhance SCC resistance, possibly due to their beneficial effects on
pitting resistance, a precursor to SCC initiation. Conversely, elevated levels of sulfur and
phosphorus within the steel matrix detrimentally affect SCC resistance. Stress corrosion
studies have demonstrated that higher phosphorus content in ASS correlates with increased
susceptibility to SCC in chloride-rich environments.

Furthermore, the sensitization of ASSs between 500 and 850 °C renders them sus-
ceptible to IGC and IGSCC in various environments containing chloride or fluoride
ions [6]. The nickel content within stainless steel alloys also plays a critical role in SCC
susceptibility. CI-SCC susceptibility increases with the nickel content up to a certain
threshold, typically within the range of traditional AISI 304 and 316 steels. Beyond this
threshold, usually around 10% nickel content, nickel demonstrates a mitigating effect
on SCC in chloride-rich environments. Alloys containing more than 42 wt.% nickel are
immune to CI-SCC [123].

Further investigations into sensitization processes have revealed insights into the
nuanced relationship between sensitization parameters and SCC susceptibility. Pro-
longed sensitization durations and lower sensitizing temperatures have been associated
with heightened susceptibility to IGSCC. This vulnerability has been linked to a reduc-
tion in chromium concentration adjacent to grain boundaries, which undermines the
stability of passive films and increases the chemical activity of localized regions, facilitat-
ing IGSCC initiation [6]. Quantitative assessments using Electron Probe Micro-Analysis
(EPMA) and Slow Strain Rate Testing (SSRT) have provided valuable insights into the
relationship between the degree of sensitization and IGSCC susceptibility. While a linear
correlation is observed between IGSCC susceptibility and EPMA charge values for low
degrees of sensitization, complexities arise at higher degrees of sensitization. Conversely,
IGSCC susceptibility increases with a decrease in sensitizing temperature for a given
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EPMA charge value, highlighting the intricate interplay of multiple factors in governing
SCC behavior [6].

In industrial applications, selecting structural materials is critical due to the aggressive
chloride-rich environments involved. Alloys with PRENs exceeding 50 have emerged as
promising candidates, demonstrating notable resistance to CI-SCC. Nickel content has
been identified as a decisive factor, with alloys featuring higher nickel content exhibiting
enhanced resistance to Cl-SCC [123]. Investigations into SCC susceptibility within super-
critical water (SCW) environments have provided additional insights into the interplay of
environmental parameters and material behavior. The chloride concentration within SCW
has been identified as a critical determinant of SCC susceptibility, with higher chloride
concentrations correlating with heightened susceptibility. Conversely, higher chromium
content has been associated with reduced IGSCC susceptibility, highlighting the role of
alloy composition in dictating material performance under aggressive environmental con-
ditions [124].

In conclusion, the susceptibility of stainless steels to SCC represents a multifaceted
phenomenon governed by alloy composition, microstructure, and environmental factors.
Continued interdisciplinary research efforts are essential for deepening our understanding
of SCC mechanisms and developing robust mitigation strategies to safeguard critical
infrastructure against the perils of SCC.

5.1.2. Temperature and Limiting Relative Humidity

Factors influencing Cl-SCC primarily include temperature and RH. The impact of
temperature on corrosion is multifaceted: within a certain range, it can facilitate both local-
ized corrosion and SCC. However, beyond this range, elevated temperatures may hinder
corrosion by reducing surface RH below the limiting relative humidity (RHL), thereby
preventing the formation of deliquescent salts necessary for corrosion [121,125]. Conversely,
lower temperatures can elevate surface RH to levels where deliquesced solutions become
too diluted to sustain corrosion [115].

ASSs are prized for their general corrosion resistance but are highly vulnerable to
localized forms such as pitting, crevice corrosion, and SCC, especially in chloride-rich
environments. Chloride ions, pervasive in water and industrial settings, catalyze SCC.
Elevated temperatures exacerbate SCC, particularly in sensitized ASSs that are susceptible
to IGSCC, even at ambient temperatures. While a consensus on the critical temperature for
SCC initiation remains elusive, evidence suggests a significant increase in crack growth
rates above 80 °C. However, SCC can occur at lower temperatures, particularly when
surface impurities, such as embedded iron particles, create sites for chloride accumulation.

Determining a threshold chloride concentration below which SCC is mitigated is chal-
lenging due to the localized nature of the corrosion process. Chloride accumulation within
crevices or under deposits on ASS surfaces exacerbates SCC, with chloride often leaching
from thermal insulation, thereby increasing the risk. ASSs can typically withstand water
with less than 1000 ppm chloride under flowing conditions, assuming no concentration
mechanisms are active. However, the permissible chloride content in insulation depends
on its silicate content. Therefore, mitigating SCC requires a thorough understanding of
how local environmental factors influence chloride accumulation and corrosion initiation
on ASS components [6].

Understanding the detailed effects of temperature on corrosion kinetics is crucial
for CI-SCC. Temperature influences electrochemical and diffusion kinetics, resulting in
varied corrosion rates. Experimental findings support this observation in exposure tests
conducted at different temperatures. For instance, SS304 exhibits significantly longer failure
times under applied stress (~400 MPa) at 50 °C compared to 80 °C. Additionally, lower
temperatures generally reduce electrochemical and diffusion kinetics, thereby lowering
corrosion rates [126].
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RH is also critical in atmospheric chloride SCC. Exposure tests indicate that RH above
the RHL is essential for chloride salt deliquescence and subsequent SCC initiation [115].
Studies suggest a critical RH threshold of 15% for Cl-SCC in materials like SS304 and
55316 up to 80 °C. However, laboratory tests replicating realistic environmental conditions
suggest that variations in humidity may not necessarily accelerate C1-SCC, even with
elevated surface chloride concentrations [116].

Comparisons between natural and accelerated test conditions underscore the impor-
tance of realistic environmental simulations in assessing SCC risks. For example, SCC
propagation rates differ significantly between natural and accelerated testing conditions,
with a two-order difference in propagation rates [127]. Despite these insights, neither set
of conditions precisely mirrors in-service environments, highlighting the complexity of
predicting actual failure occurrences.

Furthermore, findings from exposure tests reveal additional nuances. For instance,
cracking severity increases with exposure time at lower temperatures, with more specimens
developing cracks and longer crack lengths observed. This underscores the dynamic nature
of CI-SCC and its sensitivity to environmental variables.

A comprehensive understanding of the effects of temperature and RH on CI-SCC
involves delving into the underlying electrochemical kinetics, diffusion processes, and
material responses. Higher temperatures facilitate the diffusion of corrosive species to
material surfaces, promoting localized corrosion initiation. Conversely, fluctuations in RH
influence the availability of water and chloride ions at surfaces, affecting corrosion kinetics
and the formation of protective films.

5.1.3. Types of Salts

Chloride ions, originating from sources such as hydrogen chloride (HCI) resulting
from chloride salt hydrolysis, are pivotal in initiating and propagating Cl-SCC. In refinery
operations, chloride salts like NaCl, magnesium chloride (MgCl,), and calcium chloride
(CaClp) undergo hydrolysis at elevated temperatures, releasing corrosive HCI:

NaCl + H,O — NaOH + 2HCI
CaCb +2H,O — Ca(OH)z + 2HCl1
MgCl, + 2H,O — Mg(OH), + 2HCI

Additionally, organic chloride decomposition contributes to HCI formation, further
exacerbating corrosion within refinery systems. The presence of salts in refinery pro-
cesses introduces complexities, as factors such as temperature, pressure, and the chemical
composition of organic compounds influence the kinetics of CI-SCC [122].

Experimental studies have demonstrated a direct correlation between the chlorine
concentration and CI-SCC incidence. Higher concentrations of chloride ions create a
more corrosive environment, accelerating the degradation of passive films on stainless
steel surfaces and facilitating SCC initiation. Sensitized SS304 specimens have exhib-
ited crack formation when exposed to elevated chlorine concentrations, such as 1 and
10 g/m?. Similarly, as-received SS304 specimens show increased susceptibility to crack
initiation with higher levels of chlorine deposition. Conversely, when chlorine concen-
trations are below certain thresholds, typically around 1 g/m?, occurrences of cracks
on 55304 specimens are significantly reduced. It is crucial to note that chlorine expo-
sure can occur through various means, including direct contact and indirect infiltration
from atmospheric deposition or industrial emissions. A comprehensive assessment of
environmental factors and potential sources of chloride contamination is essential for
effective corrosion management [115].
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The types of salts significantly influence the CI-SCC phenomenon. Several studies
have underscored the critical role of salt types in corrosivity, with varying sensitivity
observed toward changes in ion concentrations. Laboratory experiments involving chloride
mixtures have shown that MgCl, induces failure in stainless steel specimens most rapidly,
followed by CaCl,, while NaCl exhibits the slowest corrosive action. This disparity can
be attributed to solubility and chloride activity differences among various salts. MgCl,
and CaCl,, being more soluble than NaCl, exhibit heightened corrosive potential. Despite
MgCl, demonstrating faster reactivity than CaCl, in certain studies, extensive research
consistently identifies CaCl, as the primary contributor to ClI-SCC among sea salts at room
temperature. The corrosive impact of salt deposits depends on the equilibrium chloride
concentration within the electrolyte formed on the surface due to water vapor absorption.
CaCl, demonstrates greater corrosiveness than MgCl, due to its ability to generate solutions
with higher concentrations at specific relative humidities [128,129].

At chloride concentrations below 0.5 g/L, sulfide salts synergistically exacerbate Cl-
SCC, particularly evident in 55316 and 55304, where significant transgranular cracking has
been observed [115]. Sulfides typically reduce resistance to crevice corrosion and pitting in
stainless steel across various grades. The susceptibility to CI-SCC increases with higher
sulfur content, leading to a denser distribution of sulfide inclusions that serve as initiation
sites for SCC and pits. Under typical ambient conditions and in the absence of H,S, such
low chloride concentrations generally do not induce cracking [115].

5.1.4. Residual Stress

Cl-SCC manifests through crack initiation and propagation under the combined influ-
ence of tensile stress, exposure to chloride-rich environments, and elevated temperatures.
While pitting corrosion typically initiates slowly, residual stress can expedite degradation
mechanisms, accelerating crack growth rates. Previous studies on SCC in dry storage
conditions have predominantly utilized U-bend specimens, which may not fully replicate
stress distributions in actual canister welds. Nevertheless, these investigations offer valu-
able insights into stress-related phenomena. By simulating stress distributions akin to real
canister environments, researchers have estimated the potential impact of residual stress
on SCC development [115].

To investigate the relationship between residual stress and time to rupture, exper-
iments were conducted using sensitized and as-received SS304L and SS304 specimens
subjected to varying applied stresses. The results indicated a decrease in rupture time with
increasing applied stress (cap) for S5304, with rupture times of 100 h at 510 MPa and 531 h
at 147 MPa. The threshold stress for SCC initiation was identified at 74 MPa, highlighting
the significant role of residual stress in SCC susceptibility mitigation. Interestingly, under
the tested conditions, aging treatments at 650 °C for 10 min did not substantially alter SCC
susceptibility in S5304 and SS304L materials [107]. SS304L exhibited marginally longer
rupture times than 55304, particularly at higher stress levels, suggesting slightly enhanced
resistance to SCC.

5.1.5. Sensitization and Failure

Sensitization in stainless steels occurs when My3Cq precipitates at grain boundaries,
reducing the chromium content within grains and compromising corrosion resistance.
This phenomenon is commonly induced during welding processes, particularly in the
HAZ, where residual stresses are highest post-welding due to melting and solidification.
Despite efforts to mitigate sensitization, its effects persist, making sensitized stainless steels
vulnerable to rapid cracking and corrosion initiation in benign environments like moist
air or water, particularly along susceptible grain boundaries [115]. Experimental studies
on sensitized 55304 at 80 °C and 35% RH demonstrated heightened susceptibility to SCC.
Below the proof stress (approximately 290 MPa), sensitized S5304 exhibited significantly
shorter rupture times compared to the as-received material, attributed to elevated residual
stresses induced during sensitization [107].
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5.1.6. Localized Corrosion Potentials

Localized corrosion potentials are crucial in influencing crack propagation in Cl-SCC,
particularly within crack or crevice environments in chloride solutions where pH levels
drop drastically to around 1-2. This acidic environment promotes SCC growth [130,131].
A study conducted by Tani et al. [132] investigated the anodic polarization behavior of
55316 and SS304 in synthetic seawater at pH 1 and 80 °C, revealing distinct peaks in the
active dissolution current at around —0.25 V for each stainless steel sample. Notably, both
specimens experienced SCC failure after approximately 500 h of testing. Furthermore,
overlapping anodic polarization curves in passivation and transition zones indicated
similar pitting potential behavior, suggesting comparable failure tendencies.

Temperature significantly influences localized corrosion potentials. Generally, crevice
corrosion potentials are lower than pitting potentials across different specimens. Studies by
Mayuzumi et al. [116], along with Tani et al. [132], on the temperature dependence of local-
ized corrosion potentials in saturated synthetic seawater for 55316 and SS304 demonstrated
an inverse relationship between the surface temperature and localized corrosion potentials,
including the open-circuit potential (OCP). Lower surface temperatures elevated localized
corrosion potentials and the OCP, while higher temperatures reduced the dissolved oxygen
concentration on the metal surface, thereby lowering the corrosion potential. Anodic polar-
ization curve analysis highlighted considerable variability in SS304’s pitting potential at
80 °C, underscoring measurement challenges in assessing localized corrosion potentials
accurately and their implications for SCC.

5.2. CI-SCC Mechanism

CI-SCC is characterized by the interplay of residual stress and pitting corrosion,
occurring in two primary stages: initiation and propagation.

5.2.1. Initiation Stage

The initiation of Cl-SCC involves complex electrochemical processes. The resistance of
stainless steel to electrochemical corrosion is primarily due to its protective chromium oxide
passive layer, typically 1-3 nm thick [115]. However, chloride ions significantly threaten this
passive layer, leading to localized damage [133]. This initiates pitting corrosion when the
steel exceeds a critical potential known as the film breakdown potential or pitting potential.
Chloride ions locally disrupt the passive film, initiating pitting corrosion [132,134]. Pits
formed during pitting corrosion serve as preferential sites for Cl-SCC initiation, causing
increased surface roughness and passive film disruption. Residual stresses from man-
ufacturing or mechanical loading can further increase susceptibility to crack initiation,
concentrating at pit edges or other surface imperfections [132,134].

In materials science, pitting corrosion is widely recognized as crucial in initiating
CI-SCC. As the passive film breaks down, pits develop on the stainless steel surface,
facilitating SCC initiation due to increased surface roughness and the disrupted passive
film. Within these pits, aggressive local chemistry promotes the development of tensile
stresses through mechanisms such as concentration gradients and stress concentration due
to pit geometry [115]. Once tensile stresses exceed the material’s SCC threshold, cracks
typically initiate from the pit bottom and propagate under the influence of aggressive
chemical environments and applied stresses [107].

5.2.2. Propagation Stage

The propagation of SCC involves intricate scientific processes primarily influenced by
metal dissolution and residual stress. Once a crack initiates at a pit, it rapidly propagates
under these conditions, with mechanical factors predominantly influencing the process.
Specific threshold conditions must be met for crack propagation to occur. Studies indicate
that the rate of metal loss over time significantly impacts SCC progression, underscoring
the importance of prolonged exposure to conducive environments [135]. Additionally,
environmental factors such as RH levels below 15% can inhibit SCC propagation, high-
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lighting the interaction between environmental conditions and crack advancement [116].
The mechanisms underlying crack initiation and SCC involve a combination of mechanical
and electrochemical processes. Cracks primarily propagate along grain boundaries, where
material microstructure is critical. Crack growth is driven by mechanical loading and
chemical reactions at the crack tip, promoting the separation of atomic bonds. Concurrently,
the aggressive chemical environment within the crack accelerates metal ion dissolution,
further exacerbating crack propagation [135].

6. Assessment of SCC

Various techniques are commonly employed to assess SCC, including the SPT, CLT,
and SSRT. The SSRT utilizes a constant-extension-rate machine to gradually strain ma-
terials, providing controlled insights into SCC behavior under deformation. The CLT
applies sustained loads using proof rings to study SCC under constant stress conditions.
The SPT employs miniaturized specimens to efficiently assess SCC characteristics, often
complemented by electrochemical measurements for comprehensive SCC analysis. The
CLT involves exposing specimens to constant tensile stresses in corrosive environments
for durations of up to one month. Despite meeting ANSI/NACE TM0177 standards, the
CLT has limitations, such as static conditions, the inability to continuously monitor SCC
progression, and extended test durations [5].

The SPT is utilized in academic research to evaluate various mechanical properties
of metallic materials, including susceptibility to SCC, using acoustic emission and small
indentations. This method offers advantages by enabling the assessment of mechanical
characteristics in small, inaccessible regions compared to conventional methods. Cur-
rently, the SPT is applied to study fracture behavior, creep resistance, ductilebrittle transi-
tion temperatures, tensile states, and susceptibility to Environmentally Assisted Cracking
(EAC) [5,136,137].

The SSRT is a mechanical approach extensively used to assess SCC in buried pipelines,
subjecting steel samples to gradual straining within a simulated service environment.
This method provides valuable insights into the susceptibility of pipeline steels to SCC
with short experimental durations [5,138]. The SSRT utilizes portable instruments to
maintain consistent extension rates, which is crucial for evaluating metals under challenging
environmental conditions [139].

6.1. SCC Assessment Using SSRT

Evaluating materials for susceptibility to SCC commonly follows standardized
methods such as ASTM G129 and NACE TMO0198. This process typically involves
comparing the mechanical properties of specimens tested in defined environments,
such as soils or solutions, against those tested in air. Established equations and criteria
are used to quantify the extent of deterioration [5,140,141]. A critical aspect of this
assessment is the analysis of ductility parameters, explicitly focusing on the plastic
strain-to-failure (PSF) ratio. This ratio is computed by dividing the PSF observed in the
testing environment by that observed in ambient air and multiplying by 100 [5]. Ratios
below 0.5 indicate higher susceptibility, while ratios between 0.8 and 1.0 suggest lower
susceptibility to EAC. Achieving PSF ratios close to 1.0 is recommended to enhance
resistance to SCC. Mechanical and spectroscopic assessments are advised to confirm
SCC occurrence at PSF ratios below 0.8, with crack properties typically examined along
the longitudinal section of the specimen gauge.

Kane and Wilhelm proposed a standardization framework in 1993 to harmonize testing
techniques across industrial and academic domains. The SSRT and CLT are the primary
methods for assessing SCC susceptibility in carbon steels. The SSRT employs specialized
equipment, such as the Inter-Corr M-CERT machine, to apply controlled strain conditions,
loads, and extension rates during testing [5]. Test specimens, whether cylindrical or
rectangular, are machined to meet specific experimental conditions and the requirements
of the tensile testing machine, adhering to detailed specifications outlined in relevant



Surfaces 2024, 7

613

standards [5,136,140,141]. Commonly recommended test specimens for evaluating SCC
in carbon steels include Bent-Beam, pre-cracked cantilever beam, pre-cracked wedge-
open-loading-type, U-bend, and C-ring configurations [5]. The CLT involves subjecting
specimens to constant tensile stresses in environments conducive to cracking for extended
durations, up to 30 days.

For detailed SCC testing procedures, NACE Standard TM0284 provides further guid-
ance [5]. Novel materials such as composite coatings or polymer compounds can be
efficiently evaluated for SCC susceptibility using methods that allow relatively short test
durations and familiar terminology. Additionally, combining electrochemical techniques
with tension tests enables the simultaneous assessment of corrosion processes and material
behavior [142]. However, careful consideration of factors such as electric contact isola-
tion from test machine structures is essential, along with acknowledging limitations, such
as the oversimplification of crack initiation stages and potential specimen size and cost
implications [5,143].

Moreover, Afanasyev et al. [144] proposed cyclic testing to simulate real-world load
conditions and understand crack behavior, particularly in the absence of corrosive envi-
ronments. This methodology involves subjecting field-damaged samples to cyclic loading
using four-point loading conditions, replicating pressure fluctuations representative of
operational pipelines [5].

6.2. Complementary Test Methods for Assessing SCC

Numerous experimental studies have investigated the phenomena of SCC and their
corresponding electrochemical behaviors [5]. Established protocols for supplementary
investigations into external SCC adhere to ASTM standards. These include ASTM D4959
for gravimetric analysis to determine moisture content, ASTM G4643 for pH determination,
ASTM G187 and ASTM G57 for soil resistivity measurement using a soil resistivity meter,
and ASTM G51 for redox potential analysis. Ion chromatography and inductively coupled
plasma (ICP) spectroscopy are employed to assess oxygen concentration, texture character-
istics, and the presence of anions and metals. Additionally, assessments related to cathodic
disbondment and criteria for the cathodic protection of underground pipelines follow
standards such as ASTM G95, ASTM G80, ASTM G42, ASTM G8, and NACE Standard
TMO0497. Holiday detection in coatings is conducted in accordance with ASTM G62, while
studies on microbiologically influenced corrosion align with NACE Standard TM0106. Pro-
tocols for the external direct assessment of pipelines are outlined in ANSI/NACE Standard
RP0502 [5].

Electrochemical data obtained from cyclic tests are complemented by fractographic
examinations of cross-sectional samples [144]. Elemental analysis using spectroscopy is
utilized to investigate the composition of corrosion products (oxides) and to study SCC
phenomena [144]. For internal SCC (I-SCC) evaluation, recommended standards include
NACE Standard SP110 for pipelines conveying wet natural gas and NACE Standard
SP0206 for directly assessing pipelines transporting dry natural gas [6]. Further internal
evaluation tests involve determining metal and anion contents, oxygen concentration,
and texture characteristics using ion chromatography and ICP analysis. Redox potential
analysis follows ASTM Standard G200, while ASTM Standard D4294 characterizes sulfur-
compound-containing petroleum products. Hydrocarbon properties such as API gravity,
acid number, density, and viscosity are determined by ASTM D287, ASTM D1298, ASTM
D664, and ASTM D5002, respectively. Various water properties, including pH, density,
conductivity, resistivity, iron content, and bacterial presence, are also assessed [5].
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6.3. Non-Destructive Testing

To assess materials for SCC, non-destructive testing (NDT) techniques are employed.
NDT is essential for detecting early stages of corrosion and facilitating timely corrective
actions, thus extending the lifespan of components. It evaluates materials without causing
damage, unlike destructive methods such as the SSRT or CLT, which intentionally induce
failure to gather data. Despite meticulous material selection, design, and environmental
controls, some corrosion-related degradation is unavoidable. NDT is crucial in both man-
ufacturing and maintenance for inspecting raw materials, sub-components, and finished
products without altering the material’s properties or functionality [145].

Significant advancements in NDT emerged during World War II, driven by heightened
demands for industrial quality control. In the 1950s, enhancements in NDT instrumentation
led to improved resolution and defect detection capabilities. The 1960s introduced further
advancements through the application of statistical methods and interferometric concepts.
By this time, NDT techniques were commonly used to inspect defects such as cracks, voids,
porosity, non-metallic inclusions, and forging laps. Over the following decades, devel-
opments continued in response to new materials, increasing quality standards, complex
geometries, and evolving defect morphologies [146].

One of the key applications of NDT is corrosion-related failure detection, which
is crucial for identifying degradation that can compromise structural integrity. This
includes forms such as pitting corrosion, uniform corrosion, and microcracking. SCC is
particularly challenging to detect due to its often-subtle nature, with cracks potentially
developing beneath the surface and remaining invisible to conventional inspection
methods, such as visual inspection or dye penetrant testing. NDT methods are required
to detect such hidden defects. The integration of various NDT techniques enhances the
ability to identify concealed cracks and defects, thus improving safety and reducing the
risk of catastrophic failures. This integration is essential for maintaining the integrity of
critical infrastructure and ensuring operational safety in industries susceptible to these
forms of degradation.

Predicting SCC in materials is crucial, as NDT can reveal imperfections such as varia-
tions in the density, size, location, and morphology of defects. Effective NDT techniques
for detecting and predicting SCC include ultrasonic testing (UT), acoustic emission testing
(AE), eddy current testing (ECT), radiographic testing (RT), and magnetic particle testing
(MPT) [147]. These techniques involve applying energy to a component and analyzing
the resulting signals with sensitive detectors to identify discontinuities by assessing how
energy interacts with the material. Techniques utilize various probing media, including
sound waves, electromagnetic fields, and radiation [146].

For SCC prediction, such kinds of methods are particularly valuable due to their ability
to detect early signs of cracking. Each NDT technique has specific sensitivities to mate-
rial properties and conditions, evaluating characteristics such as geometric, mechanical,
electrical, magnetic, acoustic, and thermal properties. Many techniques require minimal
specimen preparation, use portable equipment, can be automated, and offer good temporal
resolution. Additionally, some methods enable online monitoring, which is crucial for
ongoing SCC prediction [148].

However, NDT methods have limitations, including detector sensitivity, background
noise, and challenges in signal interpretation. Detecting small SCC-related defects can be
difficult due to these factors. Higher resolution often increases inspection time and cost.
The effective application of NDT for SCC prediction requires prior knowledge of defect
characteristics and accessibility to the inspection area. While NDT can identify defects, it
does not assess their severity, necessitating further evaluation to determine the appropriate
repair actions [146,149].
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6.3.1. Ultrasonic Testing

Ultrasonic testing (UT) is a widely used NDT method that employs high-frequency
sound waves, typically ranging from 0.5 to 10 MHz, to detect internal defects within ma-
terials. Sound waves propagate through a medium at a known velocity and reflect off
interfaces or boundaries between different media. This principle of reflection is fundamen-
tal to UT [147]. In UT, ultrasonic waves are generated and detected by transducers, which
convert electrical impulses into mechanical sound waves and vice versa. The transducer
emits ultrasonic pulses into the material, and the reflected pulses are captured to measure
the time taken for the waves to travel through the material, which aids in identifying
internal defects such as cracks and voids [147].

UT is particularly effective for detecting SCC in various structures, including pipelines,
pressure vessels, and aerospace components. The technique employs methods such as
pulse-echo and shear-wave (angle beam) testing to identify defects. Shear-wave UT is
especially useful for detecting SCC, as it can analyze reflections from the edges of cracks,
thereby revealing both transgranular and intergranular types of SCC [150]. This capability
is crucial for ensuring the integrity of structures exposed to corrosive environments. Re-
cent advancements in UT technology have significantly enhanced its effectiveness in SCC
detection. For example, phased-array UT uses multiple transducers to steer the ultrasonic
beam and create detailed images of the internal structure. This technique allows for more
accurate and comprehensive detection of complex cracks. Additionally, guided-wave UT
can inspect large areas of pipes and other structures, providing long-range inspection
capabilities and detecting SCC over extensive distances [147,151]. Automated UT systems
offer considerable advantages for SCC detection, including increased speed, reproducibility,
and the ability to process complex data, such as three-dimensional tomography. These
systems are particularly valuable in high-pressure and high-temperature environments,
such as offshore facilities, where manual inspection may be impractical or hazardous. More-
over, UT is effective in monitoring corrosion and detecting SCC across various industries,
including oil and gas, petrochemical, and aerospace [147,151].

The advantages of UT include the ability to perform inspections from the external
surface while structures remain in service, as well as its compatibility with various coatings
and linings. It also provides a non-contact alternative through laser-ultrasonic methods,
which are useful in high-temperature and hazardous environments. However, UT has
its limitations. Calibration must be tailored to specific materials, and flaw orientation
is critical for accurate detection. Optimal results are achieved when the sound beam is
perpendicular to the flaw’s axis; flaws that are parallel or nearly parallel to the beam may
be missed. Additionally, UT may exhibit lower sensitivity to very small changes in metal
loss compared to some physical or electrochemical methods [148].

In summary, UT is a powerful tool for detecting SCC, offering detailed insights into
material integrity without damaging the components. Its ability to provide real-time, non-
destructive evaluation makes it essential for maintaining the safety and reliability of critical
infrastructure. As technology continues to advance, the role of UT in detecting SCC and
other material defects will become increasingly pivotal in ensuring the longevity and safety
of structural components.

6.3.2. Acoustic Emission

The acoustic emission (AE) technique is a crucial tool for detecting and monitoring SCC
and other microscopic defects that arise from stress variations due to changes in process
conditions, such as pressure or temperature fluctuations [152]. AE involves the detection of
transient acoustic waves produced by the rapid release of energy from localized sources
within a material. This technique is particularly effective for evaluating corrosion-related
phenomena because it captures the acoustic emissions generated by the development of
defects or plastic deformation, providing real-time insight into the structural integrity
of materials.
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AE sensors detect these transient acoustic waves and convert them into electrical
signals. The amount of acoustic energy recorded is influenced by the size of the defect, its
location relative to the sensor, and the material’s properties. AE monitoring has proven
effective in identifying significant issues in a variety of structures, including ASS affected
by SCC [153,154]. One notable advantage of AE is that it is not constrained by temperature
limits for sensors; these sensors can be connected via metal acoustic waveguides welded
to the structure, allowing the sensor to be positioned outside of thermal insulation. AE
is particularly effective for evaluating corrosion-related phenomena, such as SCC. SCC
involves complex interactions between mechanical stress and a corrosive environment,
which can generate significant acoustic emissions. The AE technique can monitor SCC
effectively by detecting the acoustic signals associated with crack initiation and propagation.
Research has shown that AE signals strongly correlate with SCC initiation and progression.
For example, studies on AISI 316L ASS exposed to a 3% NaCl solution have demonstrated
that AE signals correlate with the initiation and growth of SCC [155].

Additional research has utilized AE to study SCC in low-carbon type 304 stainless steel
under varying corrosive conditions. Tests conducted in 0.01 M and 1 M NaCl solutions with
a pH adjusted to 1 revealed that higher AE rates were observed in more concentrated NaCl
solutions, correlating with increased SCC damage. Both the applied stress and solution
potential influenced AE rates, indicating that AE can detect variations in SCC severity
based on environmental conditions and mechanical stress [156,157]. This highlights AE’s
capability to provide detailed insights into the corrosion processes occurring under different
conditions. Crevice corrosion, another corrosion-related phenomenon, involves localized
corrosion in confined areas where a metal is exposed to a corrosive environment while
other parts of the surface remain protected. AE has proven effective in monitoring crevice
corrosion as well. Studies on 304L ASS have shown that AE can detect crevice corrosion
initiation, propagation, and repassivation. Changes in AE signals were linked to variations
in crevice damage, influenced by factors such as the presence of chloride ions and the
mechanical assembly conditions [157]. This demonstrates AE’s versatility in monitoring
various types of corrosion beyond SCC.

AE is particularly effective for detecting processes associated with SCC, including crack
propagation, gas evolution, and plastic zone formation. While some corrosion processes,
such as uniform metal dissolution, do not generate AE due to the lack of localized strain,
SCC typically produces significant AE signals because of the strain associated with crack
formation. Studies by Shaikh et al. [158] have shown that AE can effectively capture the
microprocesses of SCC in materials like AISI 316LN stainless steel. These studies reported
increased AE counts and energy at SCC initiation, with continuous AE prior to initiation
and bursts of AE during crack growth, underscoring AE’s capability to monitor SCC in
real time.

In a standard AE monitoring setup, a piezoelectric sensor is acoustically coupled to
the test object using an appropriate coupling medium. The sensor output is amplified and
filtered by preamplifiers before being transmitted to the monitor through shielded coaxial
cables. The monitor processes, filters, and amplifies the AE signals, providing data for
detailed analysis. The results and raw data are recorded for archival purposes or further
evaluation to pinpoint the location and nature of the AE signals [159].

Overall, AE offers several advantages, such as its ability to provide real-time responses
to SCC development and detect discontinuities across an entire structure with limited
access. However, AE also has limitations, including its sensitivity to background noise and
its primary focus on detecting dynamic processes. AE cannot detect static discontinuities
unless they are actively propagating. Despite these limitations, AE remains an essential
tool for assessing SCC and other corrosion-related phenomena, offering valuable insights
into material integrity and structural health [147].
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6.3.3. Eddy Current Testing

Eddy current testing (ECT) is an NDE method widely employed to assess the integrity
of conductive materials, including those susceptible to SCC. The technique operates by
passing an alternating current (AC) through a coil, which generates an alternating magnetic
field. This field induces eddy currents within the material, and variations in these currents
can provide insights into material integrity [160]. ECT is especially effective for detecting
SCC when high-frequency coils are used, as they enhance sensitivity to surface and near-
surface cracks, which are indicative of SCC. Regular inspections using ECT can monitor
changes in metal loss and corrosion over time, although achieving high sensitivity in
real-time applications remains a challenge.

ECT includes several advanced methodologies tailored to specific inspection needs.
Surface ECT focuses on scanning the material’s surface to identify surface-breaking defects
and discontinuities, making it effective for detecting SCC on exposed surfaces. Tubular
ECT involves inserting a probe into the interior of conductive tubes to detect internal flaws
and corrosion, which is useful for identifying I-SCC. Weld ECT evaluates welds to find
defects such as incomplete fusion or cracks, which may suggest SCC in welded joints. ECT
employs multiple coils activated sequentially or simultaneously to inspect larger areas
rapidly. This method provides detailed data recording and three-dimensional imaging
capabilities, allowing for the precise detection of surface and subsurface defects, including
SCC [148].

Remote field testing (RFT) is effective for assessing defects at various depths by
inducing currents on both the external and internal surfaces of a tube, making it suitable
for evaluating thick-walled structures. Pulsed eddy current testing (PEC) involves sending
short pulses of current into the material rather than using continuous AC. This approach
enhances sensitivity for detecting SCC and is valuable for inspecting components beneath
insulation. PEC is widely utilized in industries such as oil and gas, power generation,
and offshore operations, and it performs well in challenging environments, including
dirty, rough, cold, and high-temperature conditions. PEC is also effective for assessing
flow-accelerated corrosion (FAC), corrosion under fireproofing (CUF), and corrosion under
insulation (CUI) [161,162]. Magneto-optical imaging of eddy currents offers real-time
imaging over large areas, which is advantageous for quickly detecting SCC and other
subsurface defects. This method allows for effective monitoring of extensive regions,
enhancing the overall detection capabilities of ECT [148].

Despite its advantages, ECT has limitations in detecting SCC. The technique’s effec-
tiveness can decrease for defects located in ferromagnetic materials due to the effects of
magnetic permeability, which can distort eddy currents and reduce sensitivity. Addi-
tionally, ECT’s ability to detect deeper defects diminishes with increasing depth, and
the surface finish of the material can also impact performance. While ECT may not
match the spatial resolution or depth penetration of ultrasonic techniques, it remains a
valuable tool for detecting SCC, especially in multilayer structures and complex geome-
tries [148]. Addressing these limitations requires considerable expertise in probe design
and data interpretation.

6.3.4. Radiographic Testing

Radiographic testing (RT) is a crucial NDT method extensively used to detect SCC.
This technique is highly valued for its ability to assess the internal structure of components
and materials without causing damage. RT is particularly effective in identifying SCC,
which can be difficult to detect due to its often-subtle and internal nature [147,148]. RT
employs penetrating radiation to create images of the internal structure of an object. By
passing radiation through the object and capturing the transmitted radiation on a detection
medium, such as photographic film or a digital detector, RT reveals variations in material
density and thickness. These variations produce images that can indicate internal features,
such as cracks or corrosion, which are crucial for identifying SCC [163]. Typically, RT
uses X-rays or gamma rays as radiation sources. X-rays are generated by accelerating
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electrons and directing them toward a target, producing high-energy photons that can
penetrate materials up to approximately 200 mm of steel equivalent. X-ray machines come
in various configurations with adjustable energy levels to accommodate different inspection
needs. Gamma rays, produced from radioactive isotopes like iridium-192 and cobalt-60, are
also employed, especially for their portability and compactness in field applications [147].
Another significant RT technique is neutron radiography, which is particularly effective
for detecting SCC. Neutrons, sensitive to hydrogen, can identify fine cracks and localized
corrosion that may not be visible with other radiographic methods. Neutron radiography is
enhanced by techniques such as gray-level stretching, beam flattening, and frame averaging,
which improve the quality and clarity of the images [148].

RT’s versatility extends beyond SCC detection. It is used in pipeline corrosion de-
tection within the process industry, pitting and localized corrosion identification, and
rebar corrosion inspection in civil structures. RT is also applied to inspect welds, castings,
assemblies, adhesive bonds, plastics, wood, composite materials, and electronic compo-
nents. The technique can accommodate a range of object sizes, from small components
like integrated circuit chips to large items such as rocket motor casings. RT is especially
effective at identifying volumetric defects, such as voids and porosities, which can signal
underlying SCC [147].

Despite its advantages, RT has limitations in SCC detection. It requires access to both
sides of the component, which may not always be feasible. RT is less effective at detecting
linear defects, such as cracks, unless they align with the radiation beam. The precision of
thickness measurements is generally £10% for pit depth, and surface debris or scale can
impact the accuracy of SCC detection. Additionally, neutron radiography can be affected
by scattered radiation, complicating accurate measurement [148]. The relatively high cost
of RT and the need for stringent safety measures due to the hazardous nature of radiation
are also considerations. Managing radiation exposure and adhering to safety protocols
is essential to protect personnel. Nonetheless, advancements in radiographic technology,
including improvements in radiation sources, digital imaging, and Compton scattering
techniques, have addressed many of these limitations and expanded the applications of
RT [147].

In conclusion, RT remains an essential tool for detecting SCC and assessing the in-
tegrity of various components and structures. Its ability to provide detailed internal images
and identify subtle defects makes it invaluable for maintaining safety and performance in
industrial applications. While there are limitations, ongoing technological advancements
continue to enhance the effectiveness and broaden the scope of RT, reinforcing its role as a
key method in NDT and inspection.

6.3.5. Magnetic Particle Testing

Magnetic particle testing (MPT) is a crucial NDT technique used to identify surface
and near-surface discontinuities in ferromagnetic materials. This method is particularly
significant for detecting early signs of SCC, a phenomenon where materials undergo brittle
fracture due to the combined effects of tensile stress and a corrosive environment. MPT
operates on the principle that ferromagnetic materials become magnetized when subjected
to a magnetic field. Defects within these materials disrupt the magnetic flux lines, causing
a leakage flux that becomes visible on the surface. Fine magnetic particles, such as iron
filings or specialized magnetic powders, are then applied. These particles cluster around
areas of magnetic flux leakage, creating a visible indication pattern that reveals the defect’s
location, size, and shape [146,147].

The MPT procedure involves several essential steps: cleaning the component’s surface
to remove contaminants; magnetizing the component using methods such as AC, direct
current (DC), half-wave direct current (HWDC), or permanent magnets and electromagnets;
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applying magnetic particles; inspecting for defects; and finally, demagnetizing and clean-
ing the component to remove residual particles. Effective detection relies on the proper
alignment of the magnetic flux with the defect orientation, which may necessitate multiple
inspections to cover various potential orientations. High currents are often required for
larger components, necessitating careful management to prevent localized overheating at
electrical contact points [147].

MPT is particularly effective in identifying surface-breaking cracks and corrosion-
induced defects that are critical in the context of SCC. It can detect various forms of
discontinuities, such as grinding cracks, heat treatment cracks, and other surface flaws that
may contribute to SCC. This technique is applicable to a range of ferromagnetic materials,
including finished products, billets, hot-rolled bars, castings, and forgings. However,
MPT is limited to ferromagnetic materials, and thorough post-inspection procedures are
necessary to ensure that all residual magnetic particles are removed and the component is
demagnetized [146].

Recent advancements in MPT technology have enhanced its ability to detect smaller
and more subtle defects. Vasylenko et al. [164] have introduced a technique utilizing
luminescent ferrofluids made from CoFe,O4 nanoparticles, sized between 5 and 11 nm.
These luminescent ferrofluids offer improved sensitivity and contrast compared to standard
magnetic powders. At a concentration of 3.1 g/L, these ferrofluids can detect minute defects,
such as an artificial ring defect of 10 mm in diameter with an opening width of 1.2 um, on
steel plates. This improved detection capability is crucial for identifying small-scale defects
associated with SCC, where early detection is essential for preventing material failure [164].

In summary, MPT remains a robust and effective method for detecting surface and near-
surface defects in ferromagnetic materials, with ongoing advancements further enhancing
its effectiveness in identifying critical flaws related to SCC.

6.4. Predictive Models for Assessing SCC

Incorporating predictive modeling and simulation techniques for SCC not only en-
hances the practical value of managing SCC but also bridges the gap between theoretical
understanding and real-world application. Modern computational methods, such as the
finite element method (FEM), molecular dynamics (MD), and machine learning, have
revolutionized how we predict and manage SCC in complex systems.

6.4.1. Finite Element Method

The finite element method (FEM) is an advanced computational technique used to
simplify complex problems by breaking them into smaller, more manageable sub-regions.
This method is particularly essential for studying SCC in pipelines. By discretizing pipeline
structures into finite elements, the FEM enables detailed simulations of mechanical stresses
and their interactions with corrosive environments, which is crucial for understanding
SCC. SCC is influenced by material properties, stress levels, and environmental condi-
tions [165,166].

SCC occurs when a material subjected to tensile stress is exposed to a corrosive
environment. The FEM is particularly valuable in this context, as it allows for the precise
modeling and prediction of how stress concentrations impact SCC. For example, Turnbull
et al. [167] utilized the FEM to analyze stress—strain distributions around pitting pits on
cylindrical specimens. Their research showed that stress was concentrated at the bases of
the pits, while strain was most significant at the pit shoulders. This information is crucial,
as it indicates the most likely sites for crack initiation and propagation. Adjusting the mesh
density in simulations enabled the accurate modeling of corrosion progression and its effect
on stress distribution.
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FEM simulations have also been employed to investigate the effects of hydrogen
diffusion on corrosion. Hydrogen can diffuse into metals and exacerbate cracking, a phe-
nomenon extensively studied using the FEM. Research confirmed that hydrogen atom bias
plays a significant role in the initiation and propagation of intergranular cracks. Specif-
ically, a reduction in grain boundary binding energy increased the percentage of failure
cells, and higher displacement under constant binding energy also raised the failure unit
percentage [168,169]. These findings support traditional theories of hydrogen-induced inter-
granular cracking [170,171]. Simulations using the Abaqus method with two-dimensional
linear and secondary bonding cells have contributed to developing a system for predicting
critical internal stress values in high-strength steels with specific corrosion defect sizes,
which has been applied in pipeline safety assessments in Canada [172].

The FEM is not merely a theoretical tool but has practical applications in pipeline
integrity management. Studies have shown that stress concentrations, such as those caused
by deeper dents, lead to increased corrosion rates and accelerated crack initiation and
propagation. This effect is particularly pronounced in high-pressure gas transmission
pipelines, where internal pressures exacerbate stress levels and heighten SCC risk [165].

In practice, the FEM helps engineers evaluate the impact of external loads and internal
pressures on pipeline integrity. By simulating these conditions, engineers can identify high-
risk areas for SCC and develop targeted maintenance and reinforcement strategies. For
example, the FEM has been used extensively in the TransCanada pipeline system to assess
various stressors impacting pipeline segments and guide maintenance and reinforcement
efforts [165].

Furthermore, the FEM is invaluable for analyzing SCC on complex surfaces and
irregular pitting corrosion patterns. It provides insights into localized corrosion processes
and their effects on material integrity. This capability is essential for estimating pipeline
lifespan, evaluating maintenance interventions, and making informed decisions about
reinforcement measures to enhance pipeline durability [165].

In summary, the FEM is a powerful tool for understanding and managing SCC in
pipelines. It allows for detailed simulations of stress and corrosion interactions, provides
insights into the effects of material properties and environmental conditions, and supports
practical applications in pipeline integrity management. This comprehensive approach
helps engineers predict and mitigate the risks associated with SCC, ensuring safer and
more reliable pipeline operations.

6.4.2. Molecular Dynamics

Molecular dynamics (MD) simulations provide a valuable approach for modeling
atomic and molecular interactions over time, making them particularly effective for
studying SCC. These simulations track the positions and velocities of atoms based on
classical mechanics principles, enabling researchers to explore dynamic behaviors at the
atomic scale. MD simulations are primarily divided into two types: ab initio molecular
dynamics (AIMD) and classical molecular dynamics (classical MD). AIMD combines
quantum mechanical calculations with molecular dynamics to achieve high precision,
though it is computationally expensive, limiting its application to smaller systems and
shorter time scales. In contrast, classical MD uses empirical force fields, which are less
computationally demanding and allow for the simulation of larger systems and longer
time scales [165].

In SCC research, MD simulations are essential for understanding phase interfaces,
corrosion mechanisms, and the effectiveness of corrosion inhibitors. For instance, simula-
tions have demonstrated that water droplets on graphene coatings maintain a consistent
contact angle, with a single graphene layer exhibiting significant hydrophobic properties.
MD simulations also provide insights into how metal surfaces interact with corrosive
agents, such as the formation of a non-bonded water network on gold that affects pas-
sivation stability [173]. Furthermore, MD research has been used to evaluate corrosion
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inhibitors like olmesartan and ketosulfone, revealing their effectiveness under various
conditions [174,175].

MD simulations are also valuable for elucidating failure mechanisms associated with
SCC. Studies have shown that radiation damage and stress concentrations from vacancy
formation contribute to SCC [176]. Simulations of failure in galvanized iron and copper
have revealed that stretching of the zinc lattice and the resistance of specific copper inter-
faces to temperature and load changes are key factors [177,178]. Despite their advantages,
MD simulations have limitations, such as reliance on empirical force fields and the high
computational cost of AIMD. Nonetheless, they remain a powerful tool for advancing our
understanding of SCC and developing effective strategies for corrosion mitigation.

6.4.3. Machine Learning for Assessing SCC

In the field of SCC growth estimation, ongoing research is crucial for developing
reliable predictive models. The complexity and variability of SCC progression have led to
increasing interest in artificial intelligence (AI) as a tool for understanding and managing
SCC in pipelines. Al is transforming how we assess corrosion risks in critical infrastructure.
For instance, Zhang et al. have employed Al models, such as Multilayer Perceptron (MLP)
and Long Short-Term Memory (LSTM), to enhance prediction accuracy by correlating SCC-
induced crack widths with steel weight loss in reinforced concrete (RC). Their approach,
which includes analyzing reinforcement bar cross-sections, improves evaluation precision
and cost efficiency [165].

Al’s capabilities extend to predicting corrosion rates and crack growth. Advanced
techniques like Principal Component Analysis (PCA), Particle Swarm Optimization (PSO),
Feed-Forward Artificial Neural Networks (FFANNSs), Gradient Boosting Machine (GBM),
Random Forest (RF), and Deep Neural Networks (DNNs) have significantly advanced
the estimation of SCC progression in aging infrastructure. By training these models on
historical SCC data, researchers can forecast SCC onset and growth rates under various
conditions [179,180]. For example, Al methods have been applied to study SCC in carbon
steel and pipelines, with Ossai’s analysis of over 8300 records providing valuable insights
into estimating the SCC depth [165,181].

Machine learning (ML) involves developing systems that improve their performance
over time based on data-driven learning [22]. Michie et al. [182] describe ML as a pro-
cess where algorithms learn from data patterns rather than relying on explicit program-
ming [182]. The effectiveness of ML models depends on data quality and the extent of
human intervention, such as providing accurate labels or feedback. The choice of methodol-
ogy affects prediction accuracy and efficiency: PCA reduces data dimensionality but might
overlook important details [183], and PSO effectively optimizes model parameters [184],
while FFANNs and DNNSs handle complex relationships with high precision but require
extensive data and computational resources [185]. GBM and RF use ensemble learning
to enhance stability, though they may encounter difficulties with very-high-dimensional
data [186,187]. Choosing the right technique depends on specific SCC assessment needs,
data characteristics, and available computational resources.

ML models also play a vital role in SCC protection and inhibitor optimization. They
assist in managing complex protection strategies, reducing preparation and testing costs,
and predicting optimal inhibitor formulations [165]. Additionally, deep learning-based
image processing techniques, such as the Accurate Metallic Corrosion Detector (AMCD)
developed by Yu et al., are increasingly used to automate SCC assessment [10]. Forkan’s
image recognition model has achieved high accuracy [188], Ao’s tool for Al-Zn-Mg alloys
predicts mechanical performance changes with notable precision [189], and Dogan’s deep
transfer learning model effectively distinguishes SCC damage from other structural issues,
facilitating targeted repairs [190]. These advancements not only improve SCC detection
accuracy but also significantly reduce labor costs. Advanced ML techniques are set to
enhance global efforts in managing pipeline integrity and predicting SCC [22].
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Material

selection

7. Prevention of SCC

Pipeline companies, industry groups, and researchers in the United States and Canada
have extensively studied methods to prevent or mitigate SCC in pipelines prior to failures.
To address SCC, various prevention strategies can be utilized, including proper material
selection, electrochemical methods, chemical methods, physical methods, and thermal
methods. Effective management of SCC also requires the integration of stress management
and environmental controls. Figure 6 illustrates the key factors in preventing both internal
and external SCC in pipelines.

Environmental

Protection Stress

methods / Management Control

Figure 6. Factors that must be considered to prevent SCC development in pipelines.

7.1. Material Selection

Proper material selection plays a crucial role in preventing SCC in pipelines. Factors
to consider include choosing materials with low susceptibility to SCC, high quality, ap-
propriate toughness, and favorable microstructures. Recent studies indicate that higher
API steel grades generally exhibit increased strength but also higher susceptibility to SCC.
Conversely, lower-carbon steels exhibit varying levels of susceptibility, often correlating
increased steel hardness with greater vulnerability to SCC. Steels of higher quality typically
demonstrate reduced susceptibility to SCC.

Moreover, steels with acicular ferrite and bainite microstructures generally show lower
susceptibility to SCC. Single-phase microstructures, devoid of precipitates, typically exhibit
greater resistance to SCC than multiphasic structures. SCC originates predominantly on
the metal surface from existing cracks or pitting, while HE manifests at crack tips or be-
tween areas of hydrogen accumulation, primarily along grain boundaries and defective
crystalline regions. The microstructure and alloy composition, influenced significantly by
heat treatment, play critical roles in SCC development. HE reduces steel strength, partic-
ularly lowering the critical stress intensity factor, which accelerates fracture propagation,
especially with smaller crack sizes.

The specific alloy elements in carbon steel pipelines significantly influence SCC mech-
anisms, evolving over time due to material aging. After approximately two decades of
service life, carbon steel pipelines typically exhibit a ferrite-pearlite microstructure sus-
ceptible to SCC. Despite their susceptibility, these steels often contain sulfur, leading to
MnS inclusions and other types, such as calcium sulfides, oxides, and aluminum oxides.
Inclusions enriched in Al,O3 and SiO, impart an incoherent, brittle nature to the metal
matrix, promoting microcrack formation primarily at grain boundaries and around inclu-
sions [70,191,192].

A study by Liu et al. [193] emphasized the significance of inclusions as the primary
sites for crack initiation. Additionally, research by Asahi et al. [191] indicates that quenched-
tempered (QT) and thermomechanically controlled processing (TMCP) treatments on X52,
X65, and X80 steels result in more homogeneous microstructures, reducing susceptibility
to SCC. The microstructure of carbon steel pipelines plays a pivotal role in SCC initiation
and propagation. Eliminating inclusions or precipitates can enhance SCC resistance by
removing potential nucleation sites for corrosion pits [140,193,194].
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Effective suppression of IGC in high-chromium steels involves minimizing carbon
content to prevent carbide precipitation, enhancing corrosion resistance in welded joints
like those made of 03Cr18Nill steel. Practical strength requirements often necessitate
carbon content between 0.08% and 0.12%, exceeding solubility limits. Carbide-forming
elements such as titanium, niobium, and molybdenum, with stronger carbon affinity than
chromium, prevent M23C6 formation, retaining chromium in solid solution and preserving
corrosion resistance, albeit at the expense of reduced ductility and increased strength.
Experimental studies on enhancing corrosion resistance via molybdenum nanopowder
concentration in weld pools during arc welding reveal varied microstructures depending
on the concentration. Molybdenum and tungsten nanopowders yield the most corrosion-
resistant samples [53].

Forming a favorable weld metal structure by introducing ferritic elements significantly
mitigates fractures in dual-phase austenitic—ferritic structures. Primary ferrite presence
enhances SCC resistance by replenishing chromium-depleted areas with high diffusion
rates [195-197]. Controlling weld metal structures poses challenges, especially in welding
and surfacing dissimilar materials. The Schaeffler diagram assists in determining weld
metal structures, especially for overlaying corrosion-resistant steel onto low-carbon or
low-alloy steel substrates. Selecting materials and welding regimes within specific Creq
(18-24%) and Nieq (7-18%) ranges ensures favorable A+F structures, minimizing crack
susceptibility [53].

In welding dissimilar metals like low-carbon steel to AISI304 corrosion-resistant steel,
AISI309 steel with higher alloying elements (25% Cr and 12% Ni) is recommended to achieve
a similar composition in the weld metal. AISI309 subcoats are often used for surfacing
dissimilar metals. Research on enhancing steel-grade EP-302 and welding materials for
power plant equipment includes silicon doping to improve heat and liquid metal corrosion
resistance, which is critical in environments with lead-bismuth coolant temperatures up to
450 °C. Microstructural analysis of Cr-Ni—-Nb austenitic—ferritic welded joints containing
silicon underscores the importance of the ferrite phase content in optimizing weld joint
processability. Delta-ferrite transformation into the sigma phase after prolonged aging
at 500-600 °C highlights the necessity of temperature—time control for maintaining weld
joint SCC resistance [53]. Research on low-nickel austenitic steel 08Cr18NNi5 identifies
weld metal compositions and temperature—time regions resistant to SCC during welding
and emphasizes that low carbon content and high chromium, manganese, niobium, and
nitrogen levels contribute to minimizing microcrack susceptibility during welding [55].

7.2. Electrochemical Methods

Electrochemical techniques, such as cathodic protection, passivation, and anodization,
are highly effective in mitigating SCC in pipelines. These methods employ electrical
currents or potential differences to drive chemical reactions on the metal’s surface, leading
to protective changes that improve resistance to both corrosion and SCC. Implementing
these techniques is essential for preserving the structural integrity of metallic systems in
corrosive environments.

7.2.1. Cathodic Protection

Cathodic protection systems are essential for extending the life of external coatings
and mitigating damage using either impressed current or sacrificial anodes. The primary
principle behind cathodic protection is to reduce the electrochemical potential of the
metal surface, thereby suppressing the anodic reaction that causes metal dissolution.
This is achieved by making the metal structure the cathode of an electrochemical cell.
Impressed current systems involve applying an external current from an inert anode to
the metal structure, while sacrificial anode systems use more reactive metals, such as
zinc or magnesium, which corrode in place of the protected structure. A critical aspect of
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cathodic protection is the prevention of HE, a process where hydrogen atoms diffuse into
the metal and cause brittleness, especially in high-strength steels. This risk is heightened
in environments where water can dissociate under the influence of the protective current,
releasing hydrogen. Proper control of the applied potential is essential to minimize
hydrogen generation.

The effectiveness of cathodic protection systems is influenced by several factors,
including the nature of the coating, the soil or seawater composition, and seasonal changes
that affect temperature and moisture levels. For example, high soil resistivity can reduce
the current output from sacrificial anodes, requiring careful design and monitoring. The
NACE SP0169 standard provides comprehensive guidelines for the design, installation, and
maintenance of cathodic protection systems for buried or submerged pipelines. Methods
such as ASTM G95, ASTM G80, ASTM G42, and ASTM G8 are employed to assess the
condition and effectiveness of these systems, particularly in detecting coating disbondment
that could lead to localized corrosion and SCC. Regular monitoring and maintenance are
crucial to ensure the continued effectiveness of these systems in preventing corrosion and
SCC [5].

7.2.2. Passivation

Passivation is a chemical process designed to enhance the formation of a thin, stable
oxide layer on metals, especially stainless steel. This passive layer, primarily consisting of
chromium oxide, serves as a protective barrier against oxygen and other corrosive agents,
effectively mitigating both general and localized corrosion that can lead to SCC. Typically,
the process involves immersing the metal in an acidic solution, such as nitric or citric acid,
to remove contaminants and facilitate the development of the oxide layer. The success
of passivation is influenced by various factors, including the type and concentration of
passivating agents, the temperature of the treatment solution, and the duration of the
process. For example, higher concentrations of HNOj3 can result in a more uniform and
thicker oxide layer, though excessive treatment may cause undesirable etching of the
metal surface.

In marine environments, chloride ions can infiltrate weak points in the passive film,
leading to pitting and crevice corrosion that precede SCC. Consequently, it is essential to
monitor the quality and integrity of the passive layer in such conditions. Recent research
highlights that the composition and microstructure of the oxide layer are critical to its
protective effectiveness. For instance, chromium-rich oxides offer superior resistance
to chloride-induced pitting. Advances in surface analysis techniques have allowed for
more precise investigations of oxide layers, contributing to the optimization of passivation
processes [198-200].

7.2.3. Anodization

Anodization is an electrochemical technique commonly used to enhance the surface
properties of aluminum and its alloys. In this process, the metal is submerged in an
electrolytic solution, typically sulfuric acid, and an electric current is applied. This
results in the formation of a thick, stable anodic oxide layer on the metal’s surface, which
acts as a protective barrier against environmental degradation and SCC. The anodized
layer is generally significantly thicker and more durable than naturally occurring oxides.
Its properties can be adjusted by varying factors such as the composition of the elec-
trolyte, temperature, and current density. For example, sulfuric acid generates thicker,
more porous layers that are ideal for dyeing, while chromic acid produces thinner,
denser layers with superior corrosion resistance. Additionally, the anodized layer can be
sealed with hot water or steam to hydrate the oxide and enhance its protective qualities.
Anodization not only improves corrosion resistance but also increases surface hardness
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and wear resistance, making it valuable for applications requiring robust surface finishes.
However, chloride ions can degrade the protective layer, leading to pitting and SCC un-
der specific conditions. Therefore, further treatments, such as sealing or applying organic
coatings, may be necessary to improve the durability of the anodized surface [201,202].

Both passivation and anodization effectively prevent SCC by forming stable protec-
tive oxide layers. These methods address the root cause of SCC—localized corrosion—by
providing a resilient surface capable of withstanding severe environmental conditions.
Nevertheless, the effectiveness of these electrochemical methods can be diminished if
the protective layers are mechanically damaged or exposed to highly aggressive envi-
ronments. High temperatures, mechanical stress, or contact with harsh chemicals can
degrade these protective layers and increase the risk of SCC [203,204]. In summary, the
strategic use of electrochemical methods such as cathodic protection, passivation, and
anodization represents a comprehensive approach to mitigating SCC in various metal-
lic structures. These techniques enhance metal surface protection, extend component
lifespan, and ensure reliability in challenging environments. Continued research and
development to optimize these methods and explore new electrochemical treatments are
crucial for advancing corrosion prevention strategies and extending the service life of
critical infrastructure.

7.3. Chemical Methods

Chemical approaches, such as the use of inhibitors and coatings, are essential for
improving the corrosion resistance of metals and preventing SCC. These techniques involve
applying chemical substances either directly to the metal surface or to the environment sur-
rounding it to reduce the likelihood of corrosion and SCC. By implementing these methods,
researchers and engineers can significantly decrease the risk of corrosion-induced failures
in metallic structures, thereby enhancing their durability and reliability in demanding
conditions [204].

7.3.1. Coatings

Coatings are vital for safeguarding carbon steel pipelines against SCC, a significant
threat to pipeline integrity. These coatings act as physical barriers, preventing direct
exposure of the metal surface to corrosive elements, which helps reduce the likelihood of
SCC. Choosing the right coating is crucial for effective SCC protection. Organic coatings,
particularly epoxy resin coatings, are well researched for their desirable attributes, including
minimal shrinkage, resistance to chemicals, and mechanical durability. These coatings are
widely employed in industrial contexts, such as on marine vessels and buried pipelines,
to combat corrosion and lower the risk of hydrogen-induced SCC [205,206]. The primary
function of these coatings is to establish a protective layer that isolates the metal from
external factors, thereby minimizing SCC risk [207-210].

Among the coatings applied to external pipeline surfaces, Fusion-Bonded Epoxy
(FBE) is distinguished by its exceptional mechanical strength and adhesion, making it
suitable for large-diameter pipelines that undergo considerable handling and installation
stresses. Despite its effectiveness, FBE coatings can be prone to blistering and shielding
effects when used with cathodic protection systems. Liquid epoxy is noted for its robust
corrosion protection and excellent adhesion, making it widely applicable in various in-
dustrial environments. Urethane and polyurethane coatings offer flexibility and impact
resistance, which help protect against physical damage and corrosion. Historically, asphalt
and coal tar were prized for their durability and water resistance; however, their use has
diminished due to environmental concerns. Polyethylene (PE) and polyolefin resin coat-
ings provide additional protective benefits, while ceramic and composite coatings offer
high-temperature resistance and durability, though they can be brittle and require careful
application [207,208,211-213].
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The success of coatings in preventing SCC depends on factors such as their mechani-
cal properties, water permeability, electrical insulation, and resistance to environmental
degradation. Adequate surface preparation is essential to achieve the optimal adhesion and
long-term effectiveness of the coating system. Moreover, coatings must be compatible with
pipeline materials to avoid detrimental interactions that could compromise their protective
capabilities. Environmental factors, including soil and atmospheric conditions, as well as
residual stresses from pipeline operations, also influence coating performance and SCC
risk. Ensuring that coatings meet these criteria and are applied properly is critical for
maximizing their protective efficacy and reducing SCC risk [207].

7.3.2. New Trends in SCC Prevention by Coatings

Organic protective coatings are extensively used to combat SCC. Recent developments
have led to the creation of coatings tailored to address the specific challenges posed by SCC.
These advanced coatings enhance their effectiveness by sealing defects and preventing
corrosion reactions, thereby minimizing the need for external maintenance [214].

Self-Healing Coatings

Self-healing mechanisms in smart coatings can be categorized into autonomous and
non-autonomous types, both of which are crucial for combating SCC. Autonomous self-
healing involves integrating polymerizable healing agents or corrosion inhibitors into the
coating matrix. These substances are activated when the coating is damaged, thereby
restoring its integrity and preventing SCC. For instance, encapsulated agents such as
isocyanates, epoxies, and curing agents like tetraethylenepentamine (TEPA) are triggered
upon damage to seal cracks and halt further corrosion [214]. Conversely, non-autonomous
self-healing requires external stimuli, such as changes in pH or electrochemical signals,
to initiate chemical reactions that repair the coating. Conductive polymers, including
polypyrrole (PPy) and polyaniline (PANI), are utilized for their ability to undergo redox
reactions, which helps to passivate the steel surface and reduce SCC [215,216].

Advanced Coating Materials

Recent advancements in materials science feature self-healing polymers such as
AQALIC CS-7S, which absorb water and expand to mend scratches upon contact, thereby
mitigating SCC in coating defects. Additionally, metallic—polymeric coatings, such as
those combining zinc with polyethylene oxide-b-polystyrene (PEO113-b-PS218) nanoaggre-
gates, exhibit self-healing properties due to their amphiphilic nature, effectively serving as
barriers against environments that promote SCC. Furthermore, ceramic materials, includ-
ing TiC/Al,O3 and Ti, AlC, demonstrate self-healing capabilities triggered by oxidation.
These materials self-heal when exposed to elevated temperatures and oxygen, replenishing
defects with protective oxides and thus lowering the risk of SCC [217].

Environmental Sustainability

Environmental sustainability and ecological regulations advocate for the incorporation
of natural macromolecules and biopolymers—such as chitosan, lignin, cellulose, and
nanocellulose—in coating engineering, which can also aid in the prevention of SCC. When
chitosan is used in conjunction with an epoxy matrix, it imparts combined anticorrosive and
antibacterial effects, thereby enhancing the integrity of protective coatings and mitigating
SCC [217]. Lignin serves as a natural ultraviolet (UV) absorber, improving UV stability
and prolonging the lifespan of coatings, which, in turn, offers extended protection against
SCC [218]. Additionally, cellulose microfibers and nanofibers, when infused with healing
agents, can be integrated into polymeric matrices to create advanced self-healing epoxy
coatings. These innovative materials not only repair mechanical damage but also bolster
the defense against SCC by maintaining a strong barrier against corrosive agents [219,220].
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Nanomaterial Additives

Integrating functional nanomaterials into coating formulations can greatly improve
their performance, enhancing resistance to SCC. Carbon-based nanomaterials, such as
carbon nanotubes (CNTs), graphene, and graphene oxide, enhance the mechanical stability
of epoxy matrices, thereby decreasing their vulnerability to stress and strain that could
induce SCC. Additionally, nano-silica contributes to improved corrosion resistance, fracture
toughness, and tensile strength, further increasing the coating’s resilience against SCC. The
incorporation of polymeric matrices with metal oxide nanoparticles, nano-clays, and nano-
ceramics results in nanocomposite coatings with enhanced properties, offering superior
protection against SCC by boosting both mechanical and chemical resistance [217,221,222].

SCC-Specific Strategies

Advanced coatings that feature self-healing and stimuli-responsive technologies offer
a promising approach to reducing SCC. These coatings are designed to identify the initial
formation of cracks and either release repair agents to address the damage or modify their
properties to halt further crack development. By incorporating corrosion inhibitors such as
phosphates, nitrites, and rare-earth metal salts, these coatings can counteract the corrosive
elements that exacerbate SCC. Additionally, the integration of nanomaterials into these
coatings enhances their mechanical properties, increasing their resistance to the stresses
that lead to SCC [217,223].

The adoption of such advanced self-healing and stimuli-responsive coatings in refinery
systems is expected to improve anticorrosive performance and extend the lifespan of
protective systems, thereby reducing the occurrence of SCC and prolonging the service life
of essential infrastructure.

7.3.3. Inhibitors

Corrosion inhibitors are specialized chemical compounds introduced in minimal quan-
tities to corrosive environments to protect metallic materials from deterioration. These
substances function by either creating a protective film on the metal surface or neutralizing
corrosive agents in the environment. They are particularly effective in controlled environ-
ments such as cooling systems and oil pipelines. Corrosion inhibitors can be classified
into several types, including anodic, cathodic, passivating, film-forming, vapor phase, and
adsorption-based inhibitors. Among these, organic inhibitors, especially those containing
polar functional groups with nitrogen, sulfur, and/or oxygen, have proven effective in
both acidic and alkaline conditions. The adsorption of these inhibitors on metal surfaces is
influenced by factors such as functional groups, steric effects, aromaticity, electron density,
and the electronic structure of the inhibitors. These compounds form a protective adsor-
bate layer on the metal, thereby reducing corrosion rates by shielding the surface from
aggressive solutions [224].

Additionally, inhibitors can effectively prevent SCC in metals by forming a protective
layer on the metal surface. Organic inhibitors with polar functional groups containing
nitrogen, sulfur, and/or oxygen have shown significant effectiveness against SCC in steel
under both acidic and alkaline conditions. The efficiency of these inhibitors is affected
by several factors, including their functional groups, steric effects, aromaticity, electron
density, and electronic structure, which influence their adsorption on the metal surface. By
altering the electrode potential of the metal or isolating it from the corrosive environment,
inhibitors can substantially lower the risk of SCC. It is noteworthy that higher concentra-
tions of inhibitors might be required to prevent SCC compared to those needed for general
corrosion control. Furthermore, paints and coatings containing inhibitors can enhance SCC
resistance by preventing corrosive solutions from penetrating the coating and reaching
the metal underneath. Recent advancements in chemical additives have been specifically
aimed at addressing SCC in applications such as fuel ethanol storage and distribution
systems [225,226].
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Despite extensive research on corrosion inhibitors for general corrosion in acidic me-
dia, there is a significant lack of studies focusing on SCC. While plant extracts have shown
promise as environmentally friendly corrosion inhibitors, their effectiveness against SCC
remains largely unexplored. A primary challenge in this area is the inadequate mecha-
nistic understanding of these extracts, as most studies use crude formulations without a
detailed analysis of individual components. This gap hinders the selection of effective SCC
inhibitors. Future research should explore the effects of substituent groups, investigate
synergistic interactions among inhibitors, and assess factors influencing SCC inhibition.
Additionally, analyzing corrosion product formation in the presence of inhibitors and
employing nanotechnology, such as graphene-based composites, could enhance inhibition
strategies. Incorporating quantum chemical calculations and molecular mechanics simula-
tions will aid in elucidating inhibition mechanisms. By concentrating on SCC and utilizing
eco-friendly materials, researchers can develop effective and cost-efficient solutions for
preventing SCC in stainless steel across various industries.

7.4. Physical Methods

Physical methods encompass mechanical processes designed to modify the properties
of metals or their surfaces to improve their resistance to SCC.

7.4.1. Physical Vapor Deposition

Physical vapor deposition (PVD) is a sophisticated coating technique widely em-
ployed to mitigate SCC in metallic components. This process involves the vaporization
of a solid material, which is then deposited onto a substrate to create a thin, protective
film. PVD is especially effective in enhancing the corrosion resistance of materials,
making it a preferred choice for applications vulnerable to SCC. The coatings produced
by PVD are known for their strong adhesion, consistent thickness, and durability, re-
sulting in hard, wear-resistant surfaces. These coatings establish a dense, impermeable
layer that shields the substrate from corrosive agents, thereby lowering the risk of both
corrosion and SCC. PVD coatings can be applied to a variety of substrates, including
metals, ceramics, and alloys, providing not only enhanced corrosion resistance but also
improved mechanical properties. Research has demonstrated that PVD-coated tools can
significantly influence the susceptibility of materials to SCC. For example, studies have
revealed that PVD-coated cutting tools can diminish SCC risk in super duplex stainless
steel during machining operations. This highlights the effectiveness of PVD in reducing
SCC by improving the surface characteristics of the materials. In conclusion, PVD is
a highly effective method for applying protective coatings that enhance the resistance
of metals to corrosion and SCC. By creating a robust barrier on the substrate, PVD
coatings play a crucial role in extending the lifespan and reliability of metallic structures
in environments susceptible to SCC [227,228].

7.4.2. Other Physical Methods

While PVD and thermal spray coating are among the most prevalent and effective
methods for preventing SCC, they are not the only techniques available. Other physi-
cal approaches can also contribute to SCC prevention, though their effectiveness and
appropriateness may depend on the specific application and environmental conditions.

Chemical vapor deposition (CVD) is a technique that deposits thin films onto
metal surfaces via chemical reactions with vaporized precursor gases. In this process,
precursor gases containing the desired elements are introduced into a reactor, where they
decompose on a heated substrate, forming a solid coating with a controlled composition,
thickness, and uniformity [204]. CVD coatings are especially effective in mitigating SCC.
These coatings create a durable protective barrier that improves the metal’s resistance to
SCC, which is essential for use in corrosive environments. The conformal nature of CVD
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coatings ensures comprehensive coverage, preventing the initiation and propagation
of SCC. Moreover, CVD can also be used to apply functional coatings, such as protec-
tive, wear-resistant, or catalytic films, further enhancing the surface properties and
performance of metal substrates [229].

Plasma treatments have gained prominence in surface engineering, particularly
for electronic devices. Techniques such as plasma etching and deposition offer precise
control over surface characteristics, including roughness, wettability, and chemical com-
position. These treatments are effective for removing contaminants, activating surfaces
to improve adhesion, or modifying surface energy to enhance the wetting behavior of
coatings or adhesives. Recent studies have explored plasma treatments with various gas
compositions and process parameters to optimize the surface properties of electronic
components for specific applications. For instance, plasma surface modification has been
utilized to improve the adhesion of wire bonding and soldering materials to electronic
substrates, thereby enhancing the reliability of these interconnections [230,231].

Laser surface engineering encompasses techniques that use lasers to modify the
surface properties of metals. Methods such as laser cladding, laser alloying, laser hard-
ening, and laser surface texturing enable precise, localized treatment, allowing control
over characteristics like hardness, wear resistance, and thermal performance. These
techniques are widely used in tooling, automotive components, and aerospace structures.
Regarding SCC, laser surface treatments can significantly enhance resistance. For exam-
ple, laser cladding can apply protective coatings that reduce metals’ susceptibility to SCC
by modifying their surface chemistry and microstructure. Similarly, laser hardening can
increase surface hardness and diminish the likelihood of crack propagation in corrosive
environments [232].

7.5. Thermal Methods

Thermal methods for mitigating SCC involve the application of protective coatings
through various thermal spraying techniques, each offering distinct advantages suited to
specific applications and environments. Among these techniques, high-velocity oxygen
fuel (HVOF) spraying is particularly effective in reducing SCC.

Thermal spray coatings are applied to metal surfaces using high-velocity methods
to form a protective layer that shields the underlying material from corrosive conditions.
The HVOF spraying technique is especially noteworthy in this regard. It employs the
combustion of fuel gas and oxygen to generate a high-velocity jet that deposits molten or
semi-molten particles onto the surface at supersonic speeds. The resulting coatings are
dense, have low porosity, and demonstrate excellent adhesion to the substrate. This dense
and well-adhered coating effectively blocks corrosive agents that could otherwise cause
SCC [228,233]. The effectiveness of HVOF spraying in preventing SCC is largely due to its
ability to produce durable coatings that resist corrosion and remain intact under severe
conditions. In comparison to other thermal spray methods, HVOF coatings provide supe-
rior protection owing to their density and strong adhesion, which significantly decreases
the likelihood of corrosion pathways penetrating the protective layer.

In addition to HVOEF, aluminum- and zinc-based thermal spray coatings have shown
impressive performance in SCC prevention. These coatings establish a physical barrier
that isolates the metal from the corrosive environment, effectively hindering the initiation
and propagation of stress corrosion cracks. The electrochemical properties of aluminum
and zinc further enhance the coatings’ overall corrosion resistance. Furthermore, the high-
velocity impact of particles during the HVOF process creates compressive residual stresses
on the surface, counteracting the tensile stresses that contribute to crack formation [228].
The effectiveness of thermal spray coatings in preventing SCC depends on several factors,
including the coating thickness, porosity, and adhesion to the substrate. Thicker coatings
generally offer better protection, while coatings with lower porosity and higher adhesion
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provide improved integrity and durability. Optimal performance is achieved through a
careful selection of coating materials and the precise control of spraying parameters to
align with the specific environmental conditions and stress factors encountered by the
components [228].

Additive Manufacturing

Additive manufacturing (AM), often known as 3D printing, is a progressive tech-
nology that fabricates objects layer by layer based on digital 3D design data. AM
encompasses a variety of processes, including those that use lasers, electron beams,
or plasma to deposit, fuse, or solidify materials. This technology offers substantial
benefits compared to conventional manufacturing methods, such as the capability to
produce intricate components directly from CAD models, reduced material waste, and
shorter production times. By the end of 2020, the AM market was anticipated to reach
USD 21 billion, which spurred extensive research aimed at improving AM processes,
particularly in addressing SCC [234].

Studies on selective laser melting (SLM) have examined how different process
parameters—such as scanning speed, laser power, and energy density—affect the mi-
crostructure of ASS, including aspects like grain size and porosity. These microstructural
features are critical, as they impact the stability of the passive film, which is essential
for corrosion resistance and SCC mitigation. Therefore, optimizing SLM parameters is
crucial for enhancing corrosion resistance and reducing SCC vulnerability. Research on
direct laser deposition (DLD) has explored how heat treatments and chromium content
influence passive film formation. Heat treatment is significant for enhancing the devel-
opment of protective passive films and decreasing SCC susceptibility by improving the
overall microstructure. New AM technologies, including advanced 3D printing tech-
niques, provide innovative solutions for reducing SCC. These technologies allow for the
production of complex component designs that minimize stress concentrations—a key
factor in SCC. They also support the creation of novel materials and coatings specifically
designed to withstand corrosive environments. Additionally, AM enables the integration
of protective coatings during production and facilitates in situ repairs, thus prolonging
the lifespan of components in harsh conditions. The integration of sensors within com-
ponents for the real-time monitoring of environmental conditions and structural health
aids in the early detection of SCC. Rapid prototyping accelerates the development of
new materials and designs, thus hastening the application of SCC prevention measures.
Nevertheless, challenges related to material performance, manufacturing consistency,
and cost need to be addressed to fully realize AM’s potential in SCC prevention. Re-
search into other AM methods, such as wire arc additive manufacturing (WAAM) and
droplet-based 3D printing, is still emerging. Understanding their effects on corrosion
behavior and SCC is limited but essential for ensuring the durability of metal parts
produced by AM [234,235].

7.6. Environmental Considerations

SCC is influenced by various environmental factors, including soil composition, trans-
ported fluids, and external and internal conditions, each contributing distinct corrosion
mechanisms. SCC raises substantial economic, environmental, and safety concerns, necessi-
tating global monitoring. Of particular concern are ions such as CO,, H;S, temperature,
partial pressure, and naphthenic acid content [42,236,237].

SCC predominantly occurs in environments with nearly neutral to high pH levels, char-
acterized by carbonate-rich conditions influenced by environmental and physicochemical
parameters [237]. Susceptibility to SCC increases with greater levels of cathodic polariza-
tion, akin to the overprotection effect observed in carbon steel [238-240]. For instance,
near-neutral-pH SCC in carbon steel pipelines is linked to the breakdown of tape coatings,
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facilitating carbonate formation from CO, [45,209,240,241]. Conversely, elevated pH levels
contribute to SCC failures associated with carbonate (CO327), bicarbonate (HCO3~), and
alkaline conditions [44,51]. Additionally, dissolved CO; in water forms corrosive carbonic
acid, impacting carbon steel [242]. HIC in carbon steels, exacerbated by acidic soil solutions
or sulfate-reducing bacteria, also poses a risk [193,210,243]. Damaged pipeline coatings
underlie extreme conditions, particularly with defective coatings compromising cathodic
protection, compounded by mechanical damage during construction [144,244].

Effective control of tensile stress is critical in preventing SCC initiation and propagation
in susceptible materials. This management involves proper heat treatment, cold expansion
techniques, and control of pressure fluctuations. Mitigating SCC in vulnerable materials
requires a comprehensive assessment of external and internal environmental factors. Key
considerations include removing corrosive species from transported fluids and preventing
stagnant pipeline water accumulation. Soils with elevated carbonate levels are particularly
prone to SCC and require appropriate preventive measures [5].

Variations in the physicochemical properties of soils, such as water content, oxygen
availability, air-solid interfaces, and seasonal fluctuations in specific geographical regions,
create highly corrosive environments [245]. The corrosion behavior of carbon steel surfaces
is influenced by abrupt environmental changes, such as seasonal variations and altered
soil properties, and the effectiveness of cathodic protection systems [5]. Therefore, electro-
chemical interactions at the soil-pipeline steel interface, mechanical property fluctuations,
and ion concentration variations within the soil are anticipated. In geological and scientific
investigations, natural soil samples are typically collected approximately 1.2 m deep along
the pipeline right-of-way (ROW) to assess significant external corrosion damage [246].
Romanoft’s study examined the impact of external corrosion on various metals in different
U.S. soils, while Cole and Marney emphasized the influences of electrochemical reactions,
oxide formation, and factors such as temperature, void spaces, pH, salinity, and moisture
on corrosion processes in soil environments [5,247].

In practical applications, preventing I-SCC in carbon steel pipelines often involves
deploying field separators to remove corrosive elements such as gases, hydrocarbons,
high-salinity water (e.g., oilfield-produced water), solids, metals, and sediments from
sludge. This process includes desalting and dehydration procedures [248]. Fluid composi-
tion factors like dissolved oxygen, organic acids, water content, gas and liquid densities,
viscosity, microorganism presence, suspended solids, field debris, CO; levels, and H,S
content influence I-SCC occurrence. Additionally, pipeline operational conditions such as
inner wall and fluid temperatures, gas and liquid flow rates, erosion and deposition rates,
heat transfer characteristics, surface shear stress, flow turbulence intensity, and pressure
dynamics during hydrocarbon production, gathering, storage, and transportation stages all
play critical roles. Fouling propensity significantly impacts pressure dynamics throughout
these stages, affecting operational costs and product yields.

Therefore, implementing corrosion prevention measures is imperative. These mea-
sures include chemical treatments such as corrosion inhibitor programs, direct methods
like corrosion coupons and failure frequency analysis, and inline inspection using UT,
RT, and smart pigs. Indirect techniques encompass monitoring water content, pressure,
temperature, hydrogen flux, gas composition, solid and liquid analysis, inhibitor presence,
and microbiological factors [248]. In the context of oil pipelines, inline cleaning systems
employing pig tools are commonly used to address fouling tendencies, while gas pipelines
employ spheres for similar purposes [5].

8. Conclusions

This comprehensive review examines the critical issue of SCC in the oil and gas
industry, focusing on C1-SCC. The study highlights the intricate interplay between en-
vironmental conditions and material properties contributing to SCC, emphasizing the
heightened risk under specific operational scenarios. The findings indicate that SCC
can initiate at relatively low temperatures, around 20 °C, with rapid crack propagation
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observed as temperatures exceed 60 °C. The presence of chloride ions is particularly
detrimental, with concentrations above 100 ppm significantly increasing susceptibility
to SCC. For instance, a 100 ppm increase in chloride concentration can elevate crack
growth rates by approximately 40%, underscoring the critical role of environmental
control in managing SCC risks. Mitigation strategies, including corrosion-resistant alloys
and protective coatings, have proven effective in reducing SCC incidence by up to 50%
under controlled experimental conditions. Cathodic protection and targeted corrosion
inhibitors further contribute to risk reduction, decreasing SCC occurrences by about 30%.
Advanced monitoring techniques play a vital role in early detection and preventative
maintenance schedules. The study also highlights the significance of environmental pH
and temperature in influencing SCC behavior. Environments with a pH lower than 4
were found to double the rate of SCC compared to those at neutral pH. Additionally,
temperature variations between 50 °C and 100 °C in high-chloride environments (over
200 ppm) were linked to a 60% increase in SCC frequency. This review emphasizes
the importance of a comprehensive approach to SCC management, involving strategic
material selection, continuous environmental monitoring, and proactive maintenance.
By adopting this integrated approach, industry stakeholders can significantly enhance
the resilience of their infrastructure, reducing economic losses and environmental haz-
ards. The findings provide compelling evidence that proactive SCC management is
essential for maintaining the structural integrity and operational reliability of assets
in the oil and gas sector, thereby safeguarding against significant economic losses and
environmental hazards.
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