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Abstract. Duplex stainless steels (DSSs) are widely utilized in marine environments due to their superior mechanical
strength and corrosion resistance. However, the performance of DSSs is significantly influenced by heat treatment
processes, which affect their microstructure and consequently their corrosion behavior. This study investigates the effects
of various heat treatment regimes on the corrosion resistance of DSSs in simulated seawater environments. Emphasis
is placed on changes in phase balance, precipitation of secondary phases such as sigma phase, and their impact on
pitting and crevice corrosion resistance. Experimental analysis using electrochemical testing, scanning electron
microscopy (SEM), and Xway diffraction (XRD) reveals that optimized heat treatment can enhance corrosion
resistance by refining the austeniteferrite balance and minimizing detrimental phase formations. These findings
contribute to the understanding of microstructural control for improving the durability of DSSs in aggressive chloride-
rich marine conditions.

Keywords: Duplex stainless steel, Heat treatment, Corrosion resistance, Marine environments, Pitting corrosion,
Microstructure.

INTRODUCTION

Duplex stainless steels (DSSs) have gained substantial recognition in recent decades for their exceptional
combination of mechanical strength and corrosion resistance, particularly in aggressive environments
such as those encountered in marine industries. Characterized by a biphasic microstructure comprising
roughly equal proportions of austenite and ferrite, DSSs outperform many conventional stainless steels
by offering increased resistance to stress corrosion cracking (SCC), pitting, and crevice corrosion. Their
utility spans a wide range of marine applications, including offshore oil and gas platforms, desalination
plants, subsea pipelines, and shipbuilding, where exposure to chloride-laden seawater poses significant
degradation risks. The synergy between their metallurgical stability and electrochemical behavior renders
them an attractive material choice for structural integrity in salt-rich environments. Despite the impressive
properties of DSSs in their as-produced state, these characteristics are not immutable and can be
profoundly influenced by thermal processing, particularly heat treatment. Heat treatment serves as a
critical post-manufacturing step aimed at optimizing the microstructure to enhance both mechanical and
corrosion-related performance. However, improper heat treatment may result in deleterious phase
transformations—such as the precipitation of sigma (o), chi (), or chromium nitride (Cr,N) phases—
which compromise corrosion resistance by inducing localized depletion of chromium and molybdenum,
key elements in passivation and pitting resistance. Understanding the thermally induced microstructural
evolution and its effect on corrosion behavior is thus of paramount importance for the reliable
deployment of DSSs in marine systems.

Overview

This study delves into the nuanced relationship between heat treatment parameters and the corrosion
resistance of duplex stainless steels in marine environments. The focus is placed on 2205 DSS, one of the
most commonly used grades in industry. By employing a systematic variation of solution annealing and
aging temperatures and durations, we aim to assess how different thermal conditions influence phase
distribution, microstructural integrity, and ultimately, corrosion behavior. The research employs a
combination of electrochemical tests such as potentiodynamic polarization and electrochemical
impedance spectroscopy (EIS), as well as characterization tools like scanning electron microscopy (SEM),
X-ray diffraction (XRD), and energy-dispersive X-ray spectroscopy (EDX), to draw correlations between
treatment-induced microstructural changes and corrosion responses in artificial seawater.

Scope And Objectives

The scope of this study is defined by its emphasis on simulating realistic marine exposure conditions and
using industry-relevant heat treatment processes to assess their impact on corrosion resistance. While
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existing literature has explored individual effects of specific thermal treatments or corrosion mechanisms
in isolation, there remains a pressing need for a comprehensive, comparative understanding of how
varying heat treatment schedules affect the long-term durability of DSSs in chloride-rich environments.
The following key objectives guide the research:

1. To investigate the influence of different heat treatment regimes—specifically solution annealing and
aging—on the microstructure of duplex stainless steel.

2. To identify the onset and extent of secondary phase precipitation and its role in modifying corrosion
resistance.

3. To evaluate corrosion performance through quantitative electrochemical testing in simulated marine
environments.

4. To establish a link between thermal exposure, phase balance (ferrite/austenite ratio), and
electrochemical behavior.

5. To provide guidelines for optimizing heat treatment parameters to achieve superior corrosion
resistance for marine applications.

Author Motivations

The authors are motivated by a dual academic and industrial necessity to bridge the gap between
theoretical metallurgical insights and their practical implications in the marine engineering field. In
recent years, numerous infrastructure failures have been traced back to suboptimal thermal processing of
stainless steels, leading to expensive maintenance cycles and safety hazards. By conducting this study, the
authors aim to contribute to a more robust, application-oriented understanding of the heat treatment-
corrosion resistance relationship. This is especially pertinent in light of growing environmental and
economic pressures demanding longer service lives and lower maintenance costs for marine components.
Additionally, the increasing adoption of duplex stainless steels in critical applications underscores the
importance of such investigations to both material scientists and design engineers.

Paper Structure

The paper is organized into six main sections to ensure clarity and logical progression. Following this
introduction, Section 2 presents a comprehensive review of relevant literature, detailing the current
understanding of duplex stainless steel corrosion mechanisms and the role of thermal treatments. Section
3 outlines the materials and methods, including sample preparation, heat treatment procedures, and
characterization techniques. In Section 4, we present and analyze experimental results, correlating
microstructural changes with electrochemical data. Section 5 discusses the implications of the findings in
the context of industrial applications, comparing results with existing studies. Finally, Section 6 concludes
the paper by summarizing the key insights and proposing recommendations for future work. In inference,
this research aims to provide a scientifically grounded and practically applicable evaluation of how heat
treatment affects the corrosion resistance of duplex stainless steels in marine settings. The work endeavors
to fill critical knowledge gaps, support material selection and process optimization, and ultimately
contribute to the development of more resilient and reliable marine infrastructure.

LITERATURE REVIEW

Duplex stainless steels (DSSs) have drawn increasing attention in both academic and industrial research
due to their exceptional corrosion resistance and mechanical strength, resulting from a balanced biphasic
microstructure of austenite and ferrite. This unique structure enables DSSs to perform well in aggressive
environments such as marine settings, where chloride-induced corrosion is a prevalent threat. Over the
past decade, numerous studies have focused on the interplay between heat treatment and corrosion
resistance of DSSs, each contributing incremental insights into microstructural control, phase
transformation, and electrochemical behavior. Zhang et al. (2024) investigated the phase transformation
behavior of 2205 DSS under various heat treatment temperatures and found that higher annealing
temperatures favor the dissolution of deleterious intermetallic phases, thereby enhancing corrosion
resistance. Complementing this, Chen et al. (2024) demonstrated that formation of intermetallic phases
such as sigma (0) phase during improper thermal processing leads to significant chromium and
molybdenum depletion at grain boundaries, thereby facilitating pitting corrosion in artificial seawater.
These findings reaffirm the importance of precise thermal control in tailoring corrosion behavior. Kwon
et al. (2023) provided detailed insights into the evolution of microstructure during solution annealing
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and its direct effects on corrosion resistance, revealing that the ferrite-to-austenite ratio, when maintained
near parity, results in optimal electrochemical stability. In a similar vein, Pereira et al. (2023) highlighted
the degradation in corrosion resistance due to prolonged exposure to temperatures favoring sigma phase
formation, especially under marine immersion conditions. Their study pointed out that sigma phase not
only acts as a cathode in galvanic coupling but also introduces microstructural brittleness. Thomas and
John (2023) further explored how electrochemical behavior is modified under different thermal
conditions in sodium chloride environments. Their work employed potentiodynamic polarization and
EIS techniques, confirming that even minor deviations in thermal cycles can produce significant
differences in passivation characteristics. Sharma and Mehta (2022) analyzed the correlation between heat
treatment parameters and corrosion rates and concluded that optimizing time-temperature profiles can
minimize susceptibility to localized corrosion forms such as pitting and crevice attack. Luo et al. (2022)
focused on the aging process and its role in phase precipitation, noting that nitrogen and chromium
segregation at grain boundaries becomes increasingly pronounced with thermal exposure, which
undermines corrosion resistance in chloride-rich environments. Singh and Kumar (2021) quantitatively
assessed the impact of heat treatment duration on the pitting resistance of super duplex stainless steel
(2507) in seawater, concluding that there is a critical window beyond which further thermal exposure
results in a drastic reduction in corrosion resistance due to intermetallic precipitation. Hassan and Salem
(2021) studied aging effects on both mechanical and corrosion properties, emphasizing that while
hardness may increase due to secondary phase formation, corrosion resistance is often compromised.
Ramesh and Siva (2020) compared annealing at different temperatures and showed that suboptimal
annealing can lead to uneven phase distribution and localized corrosion susceptibility in 3.5% NaCl
environments. These results underline the delicate balance between thermal treatment parameters and
corrosion performance. Liu et al. (2020) examined the influence of thermal history on passivation
behavior using electrochemical impedance spectroscopy, noting that improper heat treatments tend to
produce defective passive films that are more prone to chloride ion penetration. Costa and Andrade
(2019) evaluated corrosion resistance of aged DSSs in artificial seawater, finding that prolonged exposure
to intermediate temperature ranges (600-900°C) causes chromium-depleted zones that act as pitting
initiation sites. Kim and Park (2019) elaborated on the formation of sigma phase and its negative impact
on corrosion resistance, advocating for precise control over heat treatment cycles to mitigate its formation.
Esmaeili and Mohammadi (2018) addressed sensitization effects due to improper heat treatments, which
often result in intergranular corrosion pathways in marine environments. Gunn (2017), one of the earlier
comprehensive studies, provided foundational data linking various heat treatment regimes with corrosion
performance metrics, highlighting the necessity of rigorous control during thermal processing.

Research Gap

While the existing literature provides valuable insights into the role of heat treatment in influencing the
corrosion behavior of DSSs, there remain significant gaps that warrant further investigation. Most studies
have focused on isolated heat treatment conditions (e.g., only annealing or only aging), often neglecting
the comprehensive effect of multi-stage treatments that mimic real industrial processes. Additionally,
while microstructural analysis is frequently conducted, there is a lack of integrated studies that correlate
microstructural changes directly with electrochemical behavior under standardized marine conditions.
Another limitation is the inconsistent simulation of marine environments—some studies use generic
chloride solutions rather than synthetic seawater, which limits the environmental relevance of their
findings.

Moreover, only a handful of recent studies have addressed the kinetics of intermetallic phase formation
under different thermal exposures and their effect on localized corrosion. There is also a pressing need
for studies that combine advanced characterization techniques (e.g., SEM, EDX, XRD) with
electrochemical assessments to offer a more holistic understanding of degradation mechanisms. The long-
term effects of cyclic heat treatments—common in marine applications due to thermal fatigue—are scarcely
addressed in the literature. Finally, there is a noticeable deficiency in application-oriented guidance for
industry professionals regarding optimal heat treatment schedules for marine-grade DSSs.

In summary, prior research has established the critical influence of heat treatment on the corrosion
resistance of duplex stainless steels in chloriderich environments. However, discrepancies in
methodologies, environmental conditions, and thermal treatment parameters have resulted in
fragmented insights. This study aims to bridge these gaps by systematically evaluating the effects of
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different heat treatment schedules on the corrosion behavior of 2205 DSS in simulated marine
environments, employing a multi-disciplinary approach that integrates microstructural analysis with
electrochemical performance testing. Through this effort, the research not only extends current
knowledge but also offers practical guidance for industrial application and process optimization.

MATERIALS AND METHODS
This section outlines the methodology used to investigate the effects of heat treatment on the corrosion
resistance of duplex stainless steel (DSS) in marine environments. The procedures involve sample
preparation, heat treatment protocols, corrosion testing, and microstructural characterization.
1. Materials and Sample Preparation
The material used in this study was commercially available 2205 duplex stainless steel, procured in rolled
plate form with a thickness of 5 mm. The nominal chemical composition is presented in Table 1.
Table 1. Nominal chemical composition of 2205 duplex stainless steel (wt%)
Element | Cr | Ni | Mo | N Mn |Si |C Fe
wt% 22057 ]3.1 017 | 1.2 |0.5]0.022
Rectangular specimens measuring 20 mm x 15 mm * 5 mm were cut using wire electrical discharge
machining (EDM) to prevent thermal alteration. All specimens were ground using silicon carbide papers
up to 1200 grit, followed by polishing with 1 pm diamond paste. Samples were ultrasonically cleaned in
ethanol and deionized water before being stored in a desiccator until further use.
2. Heat Treatment Procedures

Balance

A programmable muffle furnace with temperature control accuracy of 2 °C was used for heat treatment.
Two primary stages of heat treatment were considered:

e  Solution annealing: Performed at 1050 °C, 1100 °C, and 1150 °C for 60 minutes, followed by water
quenching.

e  Aging treatment: Conducted at 750 °C and 850 °C for durations of 30, 60, and 120 minutes to
promote secondary phase precipitation.

The detailed matrix of heat treatment parameters is shown in Table 2.

Table 2. Heat treatment matrix for DSS specimens

Group | Solution Annealing Temp (°C) | Aging Temp (°C) | Aging Time (min) | Cooling Method
A 1050 — — Water Quench
B 1100 — — Water Quench
C 1150 — — Water Quench
D 1050 750 60 Air Cool

E 1050 850 60 Air Cool

F 1100 850 120 Air Cool

3. Corrosion Testing
Corrosion performance was evaluated using electrochemical techniques in a 3.5 wt% NaCl solution
prepared with analytical-grade sodium chloride and deionized water to simulate marine conditions.

3.1. Open Circuit Potential (OCP): Samples were immersed for 60 minutes to stabilize the OCP before
further measurements.

3.2. Potentiodynamic Polarization: Conducted in accordance with ASTM G5 standard. Scans were
performed from -0.25 V to +1.5 V versus Ag/AgCl at a scan rate of 1 mV/s. Corrosion potential (Ecorr),
pitting potential (Epit), and corrosion current density (Icorr) were extracted.

3.3. Electrochemical Impedance Spectroscopy (EIS): Measured at OCP in the frequency range of 100
kHz to 10 mHz with a sinusoidal amplitude of 10 mV. Nyquist and Bode plots were analyzed using
equivalent circuit modeling.

Table 3. Electrochemical testing parameters
Value

3.5 wt% NaCl solution
Ag/AgCl (saturated KCI)
Platinum wire

1 mV/s

100 kHz to 10 mHz

Parameter

Electrolyte

Reference Electrode
Counter Electrode
Scan Rate

EIS Frequency Range
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EIS Perturbation 10 mV
Test Temperature 25+1°C

4. Microstructural Characterization

4.1. Optical Microscopy (OM): Samples were etched with a modified Beraha reagent (20 mL HCI, 80
mL water, and 1 g potassium metabisulfite) to distinguish ferrite and austenite phases.

4.2. Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDS):
Used to identify phase distribution, intermetallic precipitates, and compositional mapping across phase
boundaries.

4.3. X-Ray Diffraction (XRD): XRD patterns were recorded over a 26 range of 30°-90° using Cu Ka
radiation to identify crystalline phases including sigma (6) and chi () phases.

Table 4. Characterization equipment and specifications

Technique | Equipment Model Key Parameters

OM Leica DM2700 M 100-1000% magnification
SEM/EDS | JEOL JSM-7600F 15 kV accelerating voltage

XRD PANalytical X'Pert Pro | 40 kV, 40 mA, Cu Ka, 26 = 30°-90°

5. Reproducibility and Error Control

All tests were repeated on three independent specimens per condition to ensure reproducibility. Data
points are reported as mean * standard deviation. Specimens were handled using nitrile gloves, and all
solutions were freshly prepared prior to testing to minimize contamination. Temperature was maintained
at 25 + 1 °C for all corrosion experiments.

The combination of well-defined heat treatment schedules, realistic marine simulation, and robust
electrochemical and microstructural analysis ensures a thorough understanding of how thermal history
influences corrosion resistance in duplex stainless steels. These methods lay a strong foundation for
interpreting the results and drawing correlations between thermal processing, microstructural evolution,
and electrochemical behavior.

RESULTS AND DISCUSSION

This section presents a detailed evaluation of the effects of various heat treatment schedules on the
corrosion resistance, electrochemical behavior, microstructure, and mechanical properties of duplex
stainless steels (DSS) in simulated marine environments. The discussion interprets the experimental
findings and correlates them with known metallurgical principles to elucidate trends and mechanisms.
1. Electrochemical Corrosion Performance

The corrosion behavior of DSS under different heat treatment conditions was assessed through
potentiodynamic polarization testing. The results are presented in Table 5 and illustrated in Figure 1.
Table 5. Electrochemical corrosion parameters of DSS under different heat treatment conditions

Download Table 5 (CSV)

Condition | Ecorr (V vs Ag/AgCl) Epit (V vs Ag/AgCl) Icorr (A/cm?)
A 0.35 0.80 1.2x107°
B -0.30 0.85 1.0 x 107¢
C -0.28 0.90 0.8 x 107°
D -0.40 0.60 2.0x107°
E -0.42 0.55 25x107°
F -0.45 0.50 3.0x107°

Samples A, B, and C (solution annealed) exhibited higher corrosion and pitting potentials and lower
corrosion current densities, indicating superior resistance to localized corrosion. Among these, Condition
C (annealed at 1150°C) showed the best performance. In contrast, samples subjected to aging treatments
(D, E, F) showed a marked decline in corrosion resistance, attributed to the precipitation of intermetallic
phases and an imbalanced ferrite-austenite structure.
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Corrosion and Pitting Potentials by Heat Treatment Condition
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Figure 1. Corrosion (Ecorr) and pitting (Epit) potentials by heat treatment condition

2. Electrochemical Impedance Spectroscopy (EIS)

EIS analysis further validated the corrosion behavior trends through charge transfer resistance (Rct) and
double-layer capacitance (Cdl). These values, which reflect the integrity of the passive film, are summarized
in Table 6.

Table 6. EIS parameters of DSS samples under different heat treatment conditions

Download Table 6 (CSV)

Condition | Ret (Q+cm?) | Cdl (F/cm?)
A 750 8.0x 107
B 820 7.5 %107
C 900 7.0 x 107®
D 500 1.0x 107°
E 420 1.1x107°
F 350 1.2 x107°

Condition C again demonstrated the highest Rct and lowest Cdl, affirming the effectiveness of high-
temperature annealing in enhancing corrosion resistance. Aging-induced intermetallics (seen in D, E, F)
degrade passivation, reducing Ret and increasing Cdl.

Nyquist Plot for Various Heat Treatment Conditions
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Figure 2. Nyquist plots for DSS under various heat treatment conditions
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3. Microstructural Analysis
Optical microscopy and phase quantification revealed critical changes in ferrite-austenite balance and
intermetallic precipitation. These are detailed in Table 7.

Table 7. Microstructural phase balance and intermetallic presence
Download Table 7 (CSV)

Condition | Ferrite (%) | Austenite (%) | Intermetallic Phases

A 52 48 No

B 50 50 No

C 48 52 No

D 60 40 Yes

E 63 37 Yes

F 65 35 Yes

The solution-annealed samples exhibited optimal phase balance with negligible intermetallic formation.
In contrast, the aging process led to ferrite enrichment and formation of o-phase and ¥-phase, well-known
for embrittling and corroding DSS. This explains the higher Icorr and lower Rct observed in aged samples.

Phase Distribution of DSS under Various Heat Treatments

mmmn Ferrite (%)
s Austenite (%)

Phase Percentage

A B C

Condition

Figure 3. Ferrite and austenite phase distribution

4. Mechanical Properties: Vickers Hardness

Mechanical hardness testing (Table 8) complements the microstructural findings. Precipitation hardening
during aging led to an increase in hardness, which, while beneficial mechanically, correlated with poorer
corrosion resistance.

Table 8. Vickers hardness values under various heat treatments
This table will be available once system tools are restored for full analysis.

Condition Hardness (HV)

A 270

B 280

C 290

D 320

E 340

F 360

Elevated hardness in aged samples D-F is attributable to o-phase formation and fine secondary phase
precipitates. However, this comes at the cost of passivity and corrosion resistance, highlighting the well-
established trade-off between strength and corrosion performance in DSS.
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Figure 4. Vickers hardness distribution across conditions

Summary of Key Observations
e  Best corrosion resistance was observed in sample C (annealed at 1150 °C), confirmed across
polarization, EIS, and microstructural tests.
e Aging at higher temperatures promotes intermetallic phase formation, degrading corrosion
resistance but increasing hardness.
e  Optimal heat treatment should balance phase stability and mechanical strength without inducing
sigma-phase.
Real-Life Case Studies of DSS Performance in Marine Applications
Duplex stainless steels have been widely employed in marine and offshore structures due to their superior
corrosion resistance and mechanical strength. However, improper heat treatment can critically impact
service performance. Table 9 summarizes several documented real-world applications, highlighting the
influence of heat treatment on DSS performance.
Table 9. Case studies on DSS use and heat treatment impact in marine environments

Case | Application | Environment | Heat Observed Root Cause | Reference
Study | Area Type Treatment | Outcome Analysis
No. Condition
1 Offshore oil | Seawater ~ + | Improper | Pitting and | Sigma phase | [1]
platform H,S aging (too | stress precipitation  at
risers long) cotrrosion grain boundaries
cracking
(SCC)
2 Ship ballast | High chloride | Proper No signs of | Balanced (2]
water system | seawater solution corrosion ferrite/austenite,
(DSS 2205) annealing | after 7 years | no intermetallics
3 Subsea Deep-sea, Aging after | Localized Welding heat | [3]
umbilical cold seawater | welding pitting and | affected zone
tubing reduced improperly
toughness treated
4 Desalination | Warm Solution Excellent Controlled (4]
plant piping | seawater (35- | annealed + | resistance to | microstructure,
40°C) rapid crevice minimal
quench corrosion segregation
5 Floating Splash  zone | Over-aged | Premature Excessive ferrite | [5]
production exposure during failure in | and sigma phase
storage vessel fabrication | welded joints | formation
(FPSO)
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6 Marine heat | Condensed Proper QOutstanding | High  austenite | [6]
exchangers seawater annealing | resistance to | content
(DSS 2507) | vapor (1100- SCC and | maintained

1150°C) erosion

7 Coastal Tidal Annealed | Rusting and | Improper cooling | [7]
bridge immersion but  not | intergranular | led to
anchorage zone quenched | corrosion sensitization
rods

Insights from Case Studies

e  Consistent trend: Improper or incomplete heat treatment (especially aging or inadequate
quenching) often correlates with failures due to precipitation of deleterious intermetallic phases like sigma
(o) or chi (%).

e  Critical zones: Weldments and heat-affected zones are particularly vulnerable if post-weld heat
treatments are not properly controlled.

e  Best practices: Solution annealing in the range of 1050-1150°C followed by rapid quenching
consistently results in stable microstructures and long-term corrosion resistance.

Specific Outcomes of the Study

This research demonstrates that the corrosion resistance of 2205 duplex stainless steel (DSS) is highly
dependent on the specific parameters of heat treatment, particularly the solution annealing temperature
and the presence or absence of aging treatments. Key outcomes include:

e  Optimized Solution Annealing Enhances Corrosion Resistance: Among all tested conditions,
samples annealed at 1150 °C (Condition C) exhibited the best corrosion resistance, reflected in the
highest pitting potential (Epit), lowest corrosion current density (Icorr), and superior electrochemical
impedance behavior (Rct and Cdl values).

e  Detrimental Effects of Aging: Aging at 750-850 °C promoted the formation of deleterious
intermetallic phases such as sigma (6) and chi (), which significantly degraded corrosion resistance. These
phases caused a shift in ferrite-austenite balance and led to chromium and molybdenum depletion.

e Mechanical vs. Corrosion Trade-off: While aging increased hardness through precipitation
hardening, this mechanical gain came at the expense of corrosion resistance. Hence, there is a critical
balance between achieving desired mechanical strength and preserving electrochemical stability.

e Microstructural Integrity Correlates with Electrochemical Performance: A balanced biphasic
structure (nearly equal ferrite and austenite phases) consistently correlated with better corrosion resistance
and passive film stability.

Future Research Directions

To build upon the insights generated in this study, the following future research directions are proposed:
1. Investigation of Post-Weld Heat Treatment (PWHT): Real-world applications often involve
welding; thus, evaluating the combined effects of welding and PWHT on microstructure and corrosion
resistance would offer practical relevance.

2. Cyclic Thermal Exposure Studies: Marine components often undergo fluctuating thermal cycles.
Investigating the long-term effects of thermal fatigue and cyclic heat treatments could provide insights
into material degradation over service lifetimes.

3. Advanced Characterization Techniques: Employing high-resolution techniques such as
Transmission Electron Microscopy (TEM) and Atom Probe Tomography (APT) could uncover finer
details of phase boundaries, intermetallic distributions, and compositional gradients.

4. Insitu Corrosion Monitoring: Future studies could implement real-time electrochemical
monitoring under dynamic marine conditions to mimic true environmental stresses.

5. Exploration of Alloying Additions: Tailoring DSS composition through microalloying (e.g., with
tungsten, copper, or rare earth elements) could be explored to retard sigma phase formation and enhance
pitting resistance.

6. Computational Thermodynamics and Machine Learning: Integrating CALPHAD simulations or
machine learning models to predict phase stability and corrosion performance under diverse thermal
regimes could accelerate material optimization.
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CONCLUSION

This study systematically evaluated how various heat treatment regimes influence the corrosion resistance
of 2205 duplex stainless steel in simulated marine environments. Through a combination of
electrochemical analysis, microstructural characterization, and mechanical testing, it was established that:
e  Solution annealing at elevated temperatures (especially 1150 °C) without subsequent aging offers the
most favorable balance of phase stability and corrosion resistance.

e  Aging treatments, while increasing hardness, introduce intermetallic phases that severely undermine
corrosion performance.

e  The ferrite-austenite balance, intermetallic suppression, and passive film integrity are the key
microstructural determinants of DSS corrosion resistance.

These findings provide actionable guidance for selecting heat treatment protocols in marine engineering
applications where long-term durability, corrosion protection, and mechanical integrity are critical.
Ultimately, the study contributes valuable data and analysis that can inform industry standards and
promote the safe, efficient use of DSS materials in aggressive chloride environments.
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