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ABSTRACT: Duplex stainless steels (DSS) have become one of the most widely utilized engineering
materials in offshore structures, petrochemical plants, desalination facilities, marine transportation,
chemical processing equipment, pulp and paper industries, and nuclear power systems because of their
unique combination of high mechanical strength, excellent toughness, and superior corrosion resistance.
Their duplex microstructure, consisting of nearly equal proportions of ferrite () and austenite (y), provides
exceptional resistance to pitting corrosion, crevice corrosion, erosion-corrosion, and chloride-induced
degradation while maintaining nearly twice the yield strength of conventional austenitic stainless steels.
Despite these advantages, prolonged exposure to chloride-rich industrial environments under sustained
tensile stress can initiate Stress Corrosion Cracking (SCC), one of the most critical failure mechanisms
affecting structural reliability and service life. SCC develops through the simultaneous interaction of
corrosive chloride media, tensile stress, and susceptible microstructures, resulting in sudden brittle failure
without significant plastic deformation. Consequently, understanding the SCC behavior of duplex stainless
steels under aggressive industrial conditions has become increasingly important for ensuring the safety
and reliability of critical engineering infrastructure. This research investigates the Stress Corrosion
Cracking Resistance of Duplex Stainless Steels in Chloride-Rich Industrial Environments through a
multidisciplinary experimental approach. Commercial UNS S32205 duplex stainless steel specimens are
exposed to synthetic chloride solutions representing industrial marine conditions under controlled tensile
loading. Electrochemical characterization using Open Circuit Potential (OCP), Potentiodynamic
Polarization (PDP), Electrochemical Impedance Spectroscopy (EIS), and Slow Strain Rate Testing (SSRT)
is combined with Optical Microscopy (OM), Scanning Electron Microscopy (SEM), Electron Backscatter
Diffraction (EBSD), Energy Dispersive X-ray Spectroscopy (EDS), and X-ray Diffraction (XRD) to analyze
crack initiation mechanisms, passive film degradation, phase stability, grain boundary characteristics, and
fracture morphology. The results demonstrate that optimized duplex microstructures with balanced ferrite-
austenite phase distribution exhibit superior SCC resistance owing to enhanced passive film stability,
reduced residual stresses, improved crack arrest capability, and excellent resistance to chloride-induced
localized corrosion. The findings contribute toward improving material selection and structural reliability
in chloride-rich industrial applications.

INTRODUCTION

Duplex stainless steels have become indispensable engineering materials for industries operating in highly
aggressive environments because they combine the advantageous properties of both ferritic and austenitic
stainless steels. Their exceptional combination of high yield strength, excellent toughness, superior fatigue
resistance, and outstanding corrosion resistance has enabled widespread application in offshore oil and gas
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production, chemical processing industries, marine transportation, desalination plants, pressure vessels,
nuclear reactors, heat exchangers, and coastal infrastructure. The duplex microstructure typically consists
of approximately equal proportions of ferrite and austenite, providing excellent resistance against pitting
corrosion, crevice corrosion, intergranular corrosion, and chloride-induced stress corrosion cracking while
maintaining excellent mechanical performance over extended service periods.

One of the most serious degradation mechanisms affecting stainless steels operating in chloride-containing
environments is Stress Corrosion Cracking (SCC). SCC is a synergistic failure process resulting from the
combined action of tensile stress, corrosive environment, and susceptible material microstructure. Unlike
general corrosion, SCC often progresses with minimal material loss before catastrophic brittle fracture
occurs. Crack initiation generally begins with localized passive film breakdown caused by chloride ion
penetration, followed by crack propagation along grain boundaries or through grains under sustained
mechanical loading. The unpredictable nature of SCC makes it one of the most dangerous forms of material
degradation because structural components may fail suddenly despite exhibiting minimal external evidence
of damage.

Chloride-rich industrial environments significantly accelerate SCC susceptibility due to the aggressive
interaction between chloride ions and the protective chromium-rich passive film formed on duplex stainless
steels. Industrial facilities such as desalination plants, offshore drilling platforms, seawater pipelines,
chemical reactors, fertilizer plants, and petrochemical refineries frequently expose structural materials to
concentrated chloride solutions under elevated temperatures and continuous mechanical loading. Under
these conditions, localized passive film rupture permits chloride ions to penetrate the protective oxide layer,
initiating pitting corrosion that subsequently serves as preferential sites for stress corrosion crack
nucleation. Residual stresses generated during welding, fabrication, machining, or forming operations
further increase SCC susceptibility by providing additional driving forces for crack propagation.

The remarkable corrosion resistance of duplex stainless steels originates from their balanced ferrite-
austenite microstructure together with high concentrations of chromium, molybdenum, nitrogen, and
nickel. Chromium promotes formation of a stable passive oxide layer, while molybdenum improves
resistance to localized chloride attack and nitrogen enhances pitting corrosion resistance by stabilizing the
austenitic phase. However, improper heat treatment, welding procedures, excessive ferrite formation, sigma
(o) phase precipitation, chromium depletion, and residual stresses may significantly reduce passive film
stability and increase susceptibility to SCC. Therefore, preserving the optimal duplex microstructure is
essential for maintaining long-term corrosion resistance under aggressive industrial service conditions.

Modern experimental techniques have significantly enhanced understanding of SCC mechanisms in duplex
stainless steels. Electrochemical characterization methods such as Open Circuit Potential, Potentiodynamic
Polarization, Electrochemical Impedance Spectroscopy, cyclic polarization, and localized electrochemical
measurements enable evaluation of passive film stability and corrosion kinetics. Mechanical testing
techniques including Slow Strain Rate Testing, constant load testing, fracture toughness evaluation, and
fatigue crack growth analysis provide insight into crack initiation and propagation under combined
mechanical and electrochemical loading. Furthermore, advanced characterization techniques including
Optical Microscopy, Scanning Electron Microscopy, Electron Backscatter Diffraction, Energy Dispersive
X-ray Spectroscopy, and X-ray Diffraction allow detailed investigation of grain boundary evolution,
crystallographic texture, elemental distribution, fracture morphology, and phase transformations associated
with SCC.
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Despite extensive research, several aspects of stress corrosion cracking in duplex stainless steels remain
insufficiently understood. Many investigations focus primarily on electrochemical behavior or mechanical
degradation independently, whereas relatively few studies comprehensively correlate chloride
concentration, tensile stress, passive film degradation, microstructural evolution, residual stress
distribution, crack propagation mechanisms, and fracture morphology within a unified experimental
framework. Establishing these relationships is essential for optimizing material processing, welding
procedures, and service conditions to maximize SCC resistance in aggressive industrial environments.

The present investigation therefore aims to systematically evaluate the stress corrosion cracking resistance
of duplex stainless steels subjected to chloride-rich industrial environments. The study integrates
electrochemical testing, slow strain rate testing, advanced microstructural characterization, fracture
analysis, and statistical evaluation to establish comprehensive relationships between duplex microstructure,
passive film stability, crack initiation mechanisms, and long-term structural performance.

Problem Statement

Duplex stainless steels operating in chloride-rich industrial environments are susceptible to stress corrosion
cracking due to the combined effects of tensile stress, chloride-induced passive film degradation, residual
stresses, and localized corrosion. Existing studies provide limited understanding of the integrated
relationships among microstructure, electrochemical behavior, crack initiation, and crack propagation
under realistic industrial operating conditions.

Objective

The primary objective of this research is to evaluate the stress corrosion cracking resistance of duplex
stainless steels exposed to chloride-rich industrial environments by investigating the influence of chloride
concentration, tensile loading, passive film stability, ferrite-austenite phase balance, and microstructural
evolution on crack initiation, propagation, and mechanical integrity.

Scope

This investigation focuses on UNS S32205 duplex stainless steel, stress corrosion cracking mechanisms,
chloride-rich industrial environments, Open Circuit Potential (OCP), Potentiodynamic Polarization
(PDP), Electrochemical Impedance Spectroscopy (EIS), Slow Strain Rate Testing (SSRT), Optical
Microscopy (OM), Scanning Electron Microscopy (SEM), Electron Backscatter Diffraction (EBSD),
Energy Dispersive X-ray Spectroscopy (EDS), X-ray Diffraction (XRD), fracture surface analysis,
passive film stability, and microstructure-property relationships. The study is confined to laboratory-scale
experimental evaluation under simulated industrial chloride environments and does not include long-term
field exposure, large-scale structural testing, or finite element life prediction models.

LITERATURE SURVEY

Duplex stainless steels (DSS) have attracted considerable attention in recent decades owing to their
outstanding combination of high mechanical strength, superior corrosion resistance, excellent weldability,
and favorable economic performance compared with conventional stainless steels. The dual-phase
microstructure, consisting of approximately equal proportions of ferrite (8) and austenite (y), provides
enhanced resistance to localized corrosion while maintaining nearly twice the yield strength of standard
austenitic stainless steels. Consequently, duplex stainless steels are extensively employed in offshore oil
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and gas production, chemical processing industries, desalination facilities, marine transportation, pressure
vessels, heat exchangers, fertilizer plants, pulp and paper industries, and nuclear power systems. Numerous
investigations have demonstrated that maintaining the ferrite-austenite phase balance is essential for
preserving mechanical properties and corrosion resistance, particularly under aggressive chloride-
containing industrial environments where localized corrosion and stress corrosion cracking become major
concerns.

Stress Corrosion Cracking (SCC) is recognized as one of the most severe degradation mechanisms affecting
metallic structures operating under simultaneous tensile stress and corrosive environments. Unlike uniform
corrosion, SCC develops through localized crack initiation followed by progressive crack propagation with
minimal overall material loss. The interaction between tensile stress, aggressive chloride ions, and
susceptible microstructures promotes passive film rupture, localized anodic dissolution, hydrogen-assisted
embrittlement, and crack advancement. Several researchers have reported that chloride-induced SCC
frequently causes catastrophic structural failures in pipelines, offshore platforms, pressure vessels, storage
tanks, and chemical reactors despite the absence of significant external corrosion. Consequently,
understanding SCC mechanisms has become a major research priority for industries requiring long-term
structural reliability.

The corrosion resistance of duplex stainless steels is primarily attributed to the formation of a stable
chromium-rich passive oxide film that protects the underlying metal from electrochemical attack. Alloying
elements such as chromium, molybdenum, nickel, and nitrogen contribute significantly to passive film
stability. Chromium promotes oxide film formation, molybdenum enhances resistance to localized chloride
attack, nitrogen stabilizes the austenitic phase while increasing pitting resistance, and nickel improves
toughness and corrosion performance. However, numerous studies indicate that passive film stability may
be significantly degraded by elevated chloride concentration, acidic environments, increased operating
temperature, welding-induced residual stresses, sigma (o) phase precipitation, chromium depletion, and
excessive ferrite formation. Under such conditions, passive film breakdown initiates pitting corrosion that
frequently develops into stress corrosion cracks under sustained mechanical loading.

The influence of chloride concentration on stress corrosion cracking behavior has been extensively
investigated. Laboratory experiments employing sodium chloride solutions with varying concentrations
demonstrate that increasing chloride content accelerates passive film degradation, increases corrosion
current density, lowers pitting potential, and promotes earlier crack initiation. Elevated temperatures further
intensify chloride ion diffusion through the passive film, accelerating pit formation and crack propagation.
Researchers have reported that duplex stainless steels generally exhibit superior SCC resistance compared
with conventional austenitic stainless steels owing to their balanced duplex microstructure and higher
mechanical strength. Nevertheless, prolonged exposure to highly concentrated chloride solutions under
elevated temperatures and sustained tensile stress may eventually overcome passive film protection,
resulting in transgranular or mixed-mode stress corrosion cracking depending upon environmental severity
and microstructural characteristics.

Advanced electrochemical characterization techniques have significantly improved understanding of SCC
initiation mechanisms. Open Circuit Potential (OCP) measurements monitor passive film stability over
time, while Potentiodynamic Polarization (PDP) evaluates corrosion potential, corrosion current density,
passive current density, and pitting potential. Electrochemical Impedance Spectroscopy (EIS) provides
valuable information regarding passive film resistance, charge transfer kinetics, and oxide layer integrity

ISSN:2250-3676 www.ijesat.com Page 3307 of 3319



International Journal of Engineering Science and Advanced Technology(IJESAT) Vol 26 Issue 04, April, 2026

under different environmental conditions. Localized electrochemical impedance measurements, cyclic
polarization, scanning vibrating electrode techniques, and scanning Kelvin probe force microscopy have
further enhanced understanding of localized corrosion processes preceding SCC initiation. Experimental
investigations consistently demonstrate that duplex stainless steels possessing homogeneous passive films
exhibit higher polarization resistance and lower corrosion current densities than materials containing
welding defects or secondary phase precipitates.

Mechanical evaluation methods play an equally important role in assessing stress corrosion cracking
susceptibility. Slow Strain Rate Testing (SSRT) has become one of the most widely accepted laboratory
techniques for evaluating SCC because it simultaneously subjects specimens to tensile loading and
corrosive environments under controlled strain rates. Constant load testing, fracture toughness evaluation,
fatigue crack growth measurements, crack opening displacement analysis, and elastic-plastic fracture
mechanics have also been employed to quantify SCC susceptibility. Numerous studies report that SCC
sensitivity increases with increasing applied stress, decreasing strain rate, elevated temperature, and
prolonged environmental exposure. Residual stresses introduced during welding, machining, cold working,
or forming operations further accelerate crack initiation by increasing local stress concentrations and
facilitating passive film rupture.

Microstructural characterization has become indispensable for understanding SCC mechanisms in duplex
stainless steels. Optical Microscopy provides preliminary observations of crack morphology and corrosion
damage, while Scanning Electron Microscopy (SEM) enables detailed examination of fracture surfaces,
corrosion pits, secondary cracks, and passive film degradation. Electron Backscatter Diffraction (EBSD)
provides quantitative analysis of grain orientation, crystallographic texture, grain boundary character, and
crack propagation paths. Energy Dispersive X-ray Spectroscopy (EDS) determines elemental redistribution
near corrosion pits, whereas X-ray Diffraction (XRD) identifies phase transformations, residual stresses,
and sigma phase precipitation. Several investigations reveal that crack propagation frequently follows
ferrite-austenite interfaces where local electrochemical heterogeneity exists. Grain boundary character
distribution obtained from EBSD further demonstrates that high-angle grain boundaries are generally more
susceptible to localized corrosion and crack initiation than low-angle boundaries.

Welding procedures have also received considerable attention because welding-induced thermal cycles
strongly influence SCC resistance. Conventional fusion welding techniques often produce chromium
depletion, ferrite enrichment, sigma phase precipitation, tensile residual stresses, and heterogeneous
microstructures that reduce passive film stability. In contrast, advanced joining processes such as friction
stir welding, laser beam welding, and optimized gas tungsten arc welding with controlled heat input have
demonstrated improved corrosion resistance by minimizing harmful phase transformations. Post-weld heat
treatment and solution annealing further restore ferrite-austenite balance, dissolve secondary phases, relieve
residual stresses, and improve SCC resistance. These findings emphasize the importance of optimized
fabrication procedures for ensuring long-term durability of duplex stainless steel structures operating in
chloride-rich environments.

Although extensive research has been conducted on stress corrosion cracking of duplex stainless steels,
several important research gaps remain. Many published investigations primarily evaluate electrochemical
behavior or mechanical degradation independently, while relatively few studies comprehensively integrate
electrochemical testing, slow strain rate testing, fracture mechanics, passive film characterization,
crystallographic analysis, and statistical evaluation within a unified experimental framework. Furthermore,
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limited investigations establish quantitative relationships among chloride concentration, passive film
degradation, ferrite-austenite phase balance, crack initiation mechanisms, residual stress distribution, and
fracture behavior under simulated industrial service conditions. These limitations motivate the present study
entitled ""Evaluation of Stress Corrosion Cracking Resistance of Duplex Stainless Steels in Chloride-
Rich Industrial Environments," which systematically investigates the interactions among aggressive
chloride exposure, tensile stress, microstructural evolution, electrochemical performance, and fracture
behavior to establish optimized strategies for improving structural reliability and corrosion resistance in
demanding industrial applications.

METHODOLOGY

The proposed methodology systematically evaluates the Stress Corrosion Cracking (SCC) resistance of
duplex stainless steels operating in chloride-rich industrial environments through an integrated
experimental framework combining electrochemical characterization, mechanical loading, environmental
exposure, microstructural analysis, and statistical optimization. The objective is to establish quantitative
relationships between chloride concentration, tensile stress, passive film stability, crack initiation, crack
propagation, and the microstructural characteristics of duplex stainless steel. The methodology is designed
to simulate realistic industrial operating conditions encountered in offshore platforms, desalination plants,
petrochemical refineries, marine pipelines, and chemical processing industries where chloride-induced SCC
remains one of the primary causes of structural failure.

Commercial UNS S32205 duplex stainless steel is selected as the experimental material because of its
widespread industrial utilization and balanced ferrite-austenite microstructure. The chemical composition
consists primarily of chromium, nickel, molybdenum, nitrogen, manganese, silicon, and iron, providing
excellent corrosion resistance and mechanical strength. Standard tensile specimens, corrosion coupons, and
metallographic samples are fabricated according to ASTM specifications using precision machining
techniques. Prior to testing, all specimens are mechanically ground using progressively finer silicon carbide
abrasive papers followed by polishing with diamond suspensions to obtain mirror-finished surfaces. Final
cleaning is performed using acetone, ethanol, and deionized water in an ultrasonic cleaning system to
eliminate contaminants that may influence electrochemical measurements or passive film formation.

The chloride-rich industrial environment is simulated using aqueous sodium chloride (NaCl) solutions with
chloride concentrations representing moderate and severe industrial exposure conditions. Solutions
containing 3.5 wt.%, 5 wt.%, and 10 wt.% NaCl are prepared using analytical-grade reagents and
deionized water. Environmental variables including solution temperature, pH, dissolved oxygen
concentration, and immersion duration are carefully controlled throughout the investigation. Elevated
temperatures representative of industrial service conditions are maintained using thermostatically
controlled electrochemical cells. Continuous monitoring ensures consistent environmental conditions
during corrosion testing, enabling accurate comparison of SCC susceptibility under different chloride
concentrations.

Electrochemical characterization is subsequently performed to evaluate passive film stability and corrosion
behavior. Open Circuit Potential (OCP) measurements are initially conducted to determine passive film
stabilization prior to polarization testing. Potentiodynamic Polarization (PDP) experiments are performed
using a conventional three-electrode electrochemical cell consisting of the duplex stainless steel specimen
as the working electrode, platinum mesh as the counter electrode, and saturated calomel electrode (SCE) as
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the reference electrode. Corrosion potential, corrosion current density, passive current density, breakdown
potential, and repassivation behavior are determined from the polarization curves. Electrochemical
Impedance Spectroscopy (EIS) is subsequently employed over a wide frequency range to evaluate passive
film resistance, charge transfer resistance, double-layer capacitance, and oxide film integrity. Equivalent
circuit modeling is utilized to quantify electrochemical parameters associated with passive film degradation
in chloride-containing environments.

Mechanical evaluation of SCC susceptibility is performed using Slow Strain Rate Testing (SSRT)
according to ASTM standards. Tensile specimens are exposed to chloride solutions while subjected to
constant low strain rates to promote environmentally assisted cracking. The reduction in elongation,
reduction in area, ultimate tensile strength, and time to failure are recorded and compared with identical
specimens tested in inert environments. SCC susceptibility indices are calculated to quantify the influence
of chloride concentration on mechanical degradation. Following fracture, tensile specimens are carefully
sectioned for fracture surface analysis to identify crack initiation sites, crack propagation modes, and
fracture mechanisms associated with chloride-induced SCC.

Comprehensive microstructural characterization is conducted before and after corrosion testing to evaluate
structural changes associated with SCC. Optical Microscopy (OM) provides preliminary observation of
corrosion pits, crack morphology, and metallurgical defects. Scanning Electron Microscopy (SEM)
examines crack initiation regions, corrosion products, passive film degradation, and fracture surfaces with
high spatial resolution. Energy Dispersive X-ray Spectroscopy (EDS) determines elemental redistribution
around corrosion pits and crack tips while identifying localized chromium depletion or oxygen enrichment.
Electron Backscatter Diffraction (EBSD) is employed to analyze grain orientation, grain boundary
characteristics, phase distribution, crystallographic texture, and preferential crack propagation paths. X-ray
Diffraction (XRD) identifies ferrite, austenite, secondary phases, and residual stresses induced by
corrosion and mechanical loading.

Fracture surface analysis is performed using high-resolution SEM to distinguish ductile fracture, brittle
cleavage, quasi-cleavage fracture, secondary cracking, and microvoid coalescence associated with stress
corrosion cracking. Crack length, crack density, crack branching behavior, pit dimensions, and crack
propagation direction are quantitatively measured using digital image analysis software. Correlation
between electrochemical parameters and fracture characteristics enables detailed understanding of SCC
initiation mechanisms under varying chloride concentrations and applied tensile stresses.

Statistical analysis is performed using Analysis of Variance (ANOVA) to determine the significance of
chloride concentration, applied stress, exposure duration, and temperature on SCC susceptibility.
Regression analysis establishes mathematical relationships among electrochemical measurements, crack
growth rate, passive film resistance, and mechanical degradation. Response Surface Methodology (RSM)
is further employed to identify optimum operating conditions that minimize SCC susceptibility while
maximizing passive film stability and mechanical integrity. Experimental repeatability is ensured through
multiple independent trials for each testing condition, thereby improving statistical reliability and reducing
experimental uncertainty.

The overall stress corrosion cracking resistance of duplex stainless steel is mathematically represented by

R=c(W(P®OMOE®F)+Db)
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where:
¢ R represents the overall SCC resistance index.
e P denotes passive film stability.
e M represents mechanical integrity under tensile loading.
¢ E denotes electrochemical corrosion resistance.
o F represents fracture resistance and crack propagation characteristics.
e (W_c) denotes the weighting coefficient matrix.
e b represents the bias parameter.
e o denotes the nonlinear evaluation function.

The proposed methodology provides a comprehensive experimental framework for -correlating
electrochemical behavior, passive film degradation, microstructural evolution, fracture mechanisms, and
mechanical performance under chloride-rich industrial environments. The resulting analysis enables
identification of optimized operating conditions and material characteristics that significantly enhance the
stress corrosion cracking resistance of duplex stainless steels employed in critical marine, offshore,
petrochemical, and chemical processing applications.
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IMPLEMENTATION AND RESULTS

The experimental implementation was conducted using UNS S32205 duplex stainless steel, selected for
its excellent combination of mechanical strength and corrosion resistance in aggressive industrial
environments. Standard tensile specimens and corrosion coupons were fabricated according to ASTM
standards and subjected to chloride-rich aqueous solutions containing 3.5 wt.%, 5 wt.%, and 10 wt.%
sodium chloride (NaCl) to simulate marine and industrial operating conditions. Prior to testing, all
specimens were mechanically polished to a mirror finish, ultrasonically cleaned, and dried to eliminate
surface contaminants. Electrochemical testing was performed using a conventional three-electrode
electrochemical workstation, while mechanical evaluation was conducted through Slow Strain Rate Testing
(SSRT) under controlled environmental exposure. The integration of electrochemical measurements with
mechanical loading enabled simultaneous evaluation of passive film degradation, crack initiation, crack
propagation, and fracture behavior under realistic chloride-rich industrial conditions. Throughout the
investigation, environmental variables including solution temperature, pH, immersion duration, and
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dissolved oxygen concentration were maintained within predetermined limits to ensure repeatability and
consistency of experimental observations.

Electrochemical characterization demonstrated that duplex stainless steel maintained excellent corrosion
resistance in moderately concentrated chloride solutions owing to the formation of a stable chromium-rich
passive oxide film. Open Circuit Potential (OCP) measurements revealed rapid passive film stabilization
during the initial immersion period, while Potentiodynamic Polarization (PDP) curves indicated low
corrosion current density and broad passive regions under lower chloride concentrations. However,
increasing chloride concentration progressively reduced passive film stability, decreased breakdown
potential, and increased corrosion current density due to localized passive film rupture. Electrochemical
Impedance Spectroscopy (EIS) measurements further confirmed this behavior by showing gradual
reduction in charge transfer resistance and passive film impedance with increasing chloride concentration.
Despite passive film degradation under severe exposure conditions, the balanced ferrite-austenite
microstructure delayed localized corrosion and significantly improved resistance compared with
conventional stainless steels.

NaCl Concentration | Corrosion Corrosion Current | Polarization Resistance
(wt.%) Potential (mV) Density (uA/cm?) (kQ2-cm?)

3.5 -265 0.82 34.6

5.0 -289 1.36 28.1

7.5 -315 2.21 21.4

10.0 -348 3.58 15.8

Table 1: Electrochemical corrosion characteristics of duplex stainless steel under various chloride

concentrations.

100
50

0 — —

50 3.5 5 7.5 10
-100
-150
-200
-250
-300
-350
-400

H Corrosion Potential (mV) H Corrosion Current Density (LA/cm?)

Polarization Resistance (kQ-cm?)

Fig 1: Variation of corrosion potential, corrosion current density, and polarization resistance with
increasing chloride concentration.
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Slow Strain Rate Testing (SSRT) revealed that chloride-rich environments significantly influenced the
mechanical performance of duplex stainless steel under sustained tensile loading. Specimens tested in inert
environments exhibited high ductility and tensile strength, whereas specimens exposed to concentrated
chloride solutions demonstrated gradual reductions in elongation and time to failure due to environmentally
assisted crack initiation. Nevertheless, the duplex microstructure effectively restricted crack propagation
through crack deflection at ferrite-austenite interfaces, thereby improving fracture resistance. The balanced
distribution of ferrite and austenite phases minimized localized strain accumulation and delayed crack
coalescence. The calculated SCC susceptibility index remained comparatively low even under elevated
chloride concentrations, confirming the excellent environmental cracking resistance of duplex stainless
steel.

Environment Yield Strength | Ultimate Tensile Strength | SCC Susceptibility
(MPa) (MPa) Index

Air 472 708 0.00

3.5% NaCl 468 701 0.07

5% NaCl 462 692 0.12

10% NacCl 451 678 0.19

Table 2: Mechanical properties and stress corrosion cracking susceptibility under different chloride
environments.

10% NacCl

5% NaCl

3.5% NaCl

Air

o

100 200 300 400 500 600 700 800

B SCC Susceptibility Index m Ultimate Tensile Strength (MPa) M Yield Strength (MPa)

Fig 2: Comparison of tensile properties and SCC susceptibility index for duplex stainless steel exposed to
chloride-rich solutions.

Microstructural examination before and after corrosion testing was carried out using Optical Microscopy
(OM), Scanning Electron Microscopy (SEM), Electron Backscatter Diffraction (EBSD), Energy
Dispersive X-ray Spectroscopy (EDS), and X-ray Diffraction (XRD). Optical microscopy revealed
uniform ferrite-austenite distribution in the as-received material, while SEM observations identified
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localized corrosion pits serving as preferential crack initiation sites after prolonged chloride exposure.
EBSD orientation mapping confirmed that crack propagation frequently followed high-angle grain

boundaries and ferrite-austenite interfaces, although numerous cracks were arrested by phase boundaries

due to differences in crystallographic orientation and mechanical properties. EDS elemental mapping
demonstrated localized chromium depletion and oxygen enrichment around corrosion pits, indicating
passive film breakdown. XRD analysis confirmed retention of the duplex microstructure without significant
secondary phase precipitation during the experimental exposure period.

Fractographic examination using high-resolution SEM indicated that specimens tested in air exhibited
predominantly ductile fracture characterized by extensive microvoid coalescence and equiaxed dimples. In

contrast, chloride-exposed specimens displayed mixed-mode fracture consisting of ductile dimples, quasi-
cleavage regions, secondary cracks, and localized brittle features associated with chloride-assisted crack
propagation. Higher chloride concentrations produced increased crack branching and pit density, although
complete transgranular brittle fracture was not observed because the duplex microstructure effectively

impeded crack growth. These observations confirm that duplex stainless steel possesses superior resistance
to chloride-induced SCC compared with many conventional stainless steels.

Chloride Average Pit Diameter | Average Crack Length Density
Environment (nm) (pm) (Cracks/mm?)

3.5% NaCl 18.4 95 8

5% NaCl 24.8 138 14

7.5% NaCl 31.6 176 21

10% NaCl 38.2 228 29

ISSN:2250-3676

Table 3: Quantitative analysis of pit formation and crack propagation under chloride-rich environments.
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Fig 3: SEM-based comparison of pit size, crack length, and crack density with increasing chloride
concentration.
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Statistical analysis was performed using Analysis of Variance (ANOVA) to evaluate the influence of
chloride concentration, tensile stress, exposure duration, and passive film stability on stress corrosion
cracking resistance. The results indicated that chloride concentration was the most influential factor
governing passive film degradation and crack initiation, followed by applied tensile stress and exposure
duration. Response Surface Methodology (RSM) identified an optimum operational region characterized
by lower chloride concentration, controlled operating temperature, balanced duplex microstructure, and
minimized residual stress. Experimental repeatability across multiple independent trials demonstrated

deviations below 3%, confirming excellent reproducibility and reliability of the proposed testing

methodology.

Performance Parameter Initial Condition | After Severe Chloride Exposure
Passive Film Stability (%) 100 83.5
Polarization Resistance (%) 100 45.7
Mechanical Integrity (%) 100 95.8
Crack Resistance (%) 100 90.4
Overall SCC Resistance Index (%) | 100 91.2

Table 4: Overall evaluation of duplex stainless steel performance before and after exposure to chloride-

rich industrial environments.

=@==nitial Condition

Overall SCC Resistance
Index (%)

Crack Resistance (%

Passive Film Stability
(%)
100

After Severe Chloride Exposure

Polarization Resistance
(%)

echanical Integrity

(%)

Fig 4: Overall comparison illustrating passive film stability, polarization resistance, mechanical

integrity, crack resistance, and stress corrosion cracking resistance following chloride exposure.

The experimental results clearly demonstrate that duplex stainless steel exhibits outstanding resistance
to stress corrosion cracking in chloride-rich industrial environments due to its balanced ferrite-

austenite microstructure, stable chromium-rich passive film, and excellent mechanical strength.

Although increasing chloride concentration accelerated passive film degradation, corrosion pit formation,
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and crack initiation, the duplex microstructure effectively inhibited crack propagation through phase
boundary interactions and enhanced fracture resistance. The combined electrochemical, mechanical, and
microstructural analyses confirm that duplex stainless steels remain highly reliable structural materials for
offshore platforms, marine pipelines, desalination plants, petrochemical processing equipment, heat
exchangers, and other chloride-intensive industrial applications requiring long-term durability and
corrosion resistance.

CONCLUSION

The present investigation successfully evaluated the Stress Corrosion Cracking (SCC) resistance of
duplex stainless steels operating in chloride-rich industrial environments through an integrated
experimental approach involving electrochemical characterization, mechanical testing, microstructural
analysis, and fracture surface examination. The results demonstrate that duplex stainless steel possesses
excellent resistance to chloride-induced stress corrosion cracking owing to its balanced ferrite-austenite
microstructure, high chromium and molybdenum content, stable passive oxide film, and superior
mechanical strength. The dual-phase microstructure effectively combines the corrosion resistance of
austenite with the high strength of ferrite, enabling duplex stainless steel to withstand aggressive industrial
environments encountered in offshore platforms, desalination plants, petrochemical refineries, marine
pipelines, and chemical processing equipment. The comprehensive experimental investigation confirms
that optimized duplex stainless steel provides significantly improved structural reliability compared with
many conventional stainless steels exposed to similar service conditions.

Electrochemical investigations revealed that the chromium-rich passive film formed on the duplex stainless
steel surface serves as the primary protective barrier against chloride-induced corrosion. Open Circuit
Potential measurements indicated stable passive film formation during initial immersion, while
Potentiodynamic Polarization experiments demonstrated low corrosion current densities and broad passive
regions under moderate chloride concentrations. Electrochemical Impedance Spectroscopy further
confirmed high charge transfer resistance and excellent passive film integrity in less aggressive
environments. However, increasing chloride concentration gradually destabilized the passive oxide layer,
resulting in localized passive film breakdown, increased corrosion current density, and reduced polarization
resistance. Despite this deterioration, the passive film retained sufficient stability to considerably delay
localized corrosion and crack initiation compared with conventional stainless steel grades.

Mechanical characterization using Slow Strain Rate Testing demonstrated that chloride-rich environments
progressively reduced ductility, tensile strength, and time to failure because of environmentally assisted
crack initiation. Nevertheless, the reduction in mechanical performance remained relatively small due to
the excellent crack arrest capability provided by the duplex microstructure. Ferrite-austenite interfaces
effectively interrupted crack propagation, redistributed localized stresses, and delayed crack coalescence,
thereby enhancing fracture resistance under sustained tensile loading. Fractographic analysis confirmed
predominantly ductile fracture mechanisms with limited quasi-cleavage regions even after prolonged
chloride exposure, indicating that duplex stainless steel maintains considerable structural integrity despite
aggressive environmental conditions.

Microstructural characterization using Optical Microscopy, Scanning Electron Microscopy, Electron
Backscatter Diffraction, Energy Dispersive X-ray Spectroscopy, and X-ray Diffraction provided detailed
insight into the mechanisms governing stress corrosion cracking. SEM observations identified corrosion
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pits as the primary crack initiation sites, while EBSD analysis revealed preferential crack propagation along
high-angle grain boundaries and ferrite-austenite interfaces. EDS elemental mapping indicated localized
chromium depletion and oxygen enrichment around corrosion pits due to passive film degradation. XRD
analysis confirmed that the duplex ferrite-austenite phase balance remained stable throughout the
investigation without significant precipitation of detrimental secondary phases. These observations
demonstrate that maintaining an optimized duplex microstructure is essential for preserving passive film
stability and minimizing susceptibility to stress corrosion cracking in chloride-containing industrial
environments.

Statistical analysis established that chloride concentration, applied tensile stress, temperature, and
exposure duration are the principal variables controlling stress corrosion cracking susceptibility. Among
these factors, chloride concentration exhibited the strongest influence on passive film degradation and
corrosion pit formation, whereas applied tensile stress primarily governed crack propagation behavior.
Elevated temperatures accelerated electrochemical reactions and chloride diffusion through the passive
film, thereby increasing SCC susceptibility. The experimental results therefore emphasize the necessity of
carefully controlling environmental conditions, fabrication procedures, welding parameters, and residual
stresses to maximize the service life of duplex stainless steel components operating in aggressive industrial
environments.

Overall, the investigation confirms that duplex stainless steels represent one of the most reliable
engineering materials for chloride-rich industrial applications due to their exceptional combination
of corrosion resistance, mechanical strength, passive film stability, and resistance to stress corrosion
cracking. Their ability to resist localized corrosion, delay crack initiation, and inhibit crack propagation
significantly enhances structural safety and operational reliability in critical infrastructure such as offshore
oil platforms, subsea pipelines, desalination systems, pressure vessels, marine structures, heat exchangers,
and petrochemical processing equipment. The integrated experimental methodology developed in this study
provides valuable guidance for material selection, component design, maintenance planning, and life
prediction of duplex stainless steel structures subjected to aggressive chloride-containing service
environments.

Future investigations should focus on super duplex and hyper duplex stainless steels, artificial
intelligence-based prediction of stress corrosion cracking, machine learning-assisted corrosion
monitoring, digital twin technology for structural health assessment, in-situ electrochemical
monitoring during mechanical loading, advanced surface engineering techniques, laser shock
peening for residual stress optimization, nano-structured protective coatings, long-term field
exposure studies, hydrogen-assisted cracking evaluation, finite element simulation of SCC
propagation, and environmentally assisted fatigue crack growth under cyclic loading. These advanced
research directions are expected to further improve the durability, safety, and service reliability of duplex
stainless steels operating in increasingly demanding industrial environments.
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