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ABSTRACT 

Selective Laser Melting (SLM) has emerged as a transformative additive manufacturing technology with 
significant applications in the high temperature applications. This research provides a comprehensive 
overview of the current state and advancements in SLM of Duplex Stainless Steel for high temperature 
applications that enables the fabrication of complex geometries with high precision. Duplex stainless steels 
(DSS) are widely recognized for their excellent mechanical properties and corrosion resistance. This 
investigation explores the application of SLM in processing DSS for high-temperature applications, 
discussing the microstructural evolution, mechanical performance, and thermal stability of SLM-fabricated 
DSS components.Our aim is to investigates the challenges, achievements, and potential areas for further 
research within the context of high-temperature applications.In this regard we have planned our experiments 
to evaluate the 3D printed material performance by heat treatment which includes anealing and quenching, 
the specimens are heated at 1072 ℃ and quenched at a time, further the specimens are treated at 475℃ for 
different time intervals and quenced respectively. Tensile testing is done to know the properties of the 
material after undergoing heat treatment. 

Keywords – Selective Laser Melting, Duplex Stainless Steel, High-Temperature Applications, 
Microstructure, Mechanical Properties, Corrosion Resistance 

1. Introduction 
Duplex Stainless Steels (DSS) combine the advantageous properties of austenitic and ferritic stainless 
steels, offering high strength, good weldability, and excellent resistance to stress corrosion cracking. The 
advent of Selective Laser Melting (SLM) has enabled the fabrication of DSS components with intricate 
designs and refined microstructures. However, the rapid solidification inherent in SLM can lead to 
microstructural imbalances and residual stresses, necessitating post-processing treatments to achieve 
desired properties, especially for high-temperature applications. characterized by a balanced microstructure 
of austenite (γ) and ferrite (α), are widely used in industries requiring high strength, corrosion resistance, 
and thermal stability, such as oil and gas, chemical processing, and power generation. Traditional 
manufacturing methods like casting and forging often introduce defects such as porosity, segregation, and 
residual stresses, limiting component performance. Selective Laser Melting (SLM), an additive 
manufacturing (AM) technique, offers a promising alternative by enabling the production of complex 
geometries with minimal material waste and enhanced mechanical properties. (SLM), a layer-by-layer 
additive manufacturing process, offers an alternative by enabling precise thermal control during fabrication. 
The potential to produce near-net-shape parts and control the cooling rates presents a unique opportunity to 
tailor the duplex microstructure for high-temperature applications. This paper presents a study on 
fabricating DSS components using SLM and investigates their viability under elevated temperature 
condition.
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2. Literature Review 

Duplex stainless steels (DSS),Recent advancements in SLM have focused on optimizing process 
parameters (laser power, scan speed, hatch spacing, layer thickness) to control microstructure, minimize 
defects, and improve high-temperature performance. This literature review synthesizes key findings from 
recent studies (2020–2024) on SLM-processed DSS, addressing microstructural evolution, mechanical 
behavior, and challenges in high-temperature applications. 

Microstructural Characteristics of SLM-Processed DSS 

Phase Balance and Solidification Behavior 

The austenite-ferrite ratio in DSS is critical for mechanical and corrosion properties. SLM’s rapid 
cooling rates (~10³–10⁶ K/s) typically result in a ferrite-dominated microstructure due to insufficient 
diffusion time for austenite formation. However, post-process heat treatment or in-situ austenite 
reversion can restore phase balance. 

 Kashiwar et al. (2022) [13] observed that as-built SLM DSS (UNS S31803) contained 70–80% 
ferrite, but annealing at 1050°C for 1 hour restored a near 50:50 ratio, improving ductility. 

 Chen et al. (2023) [9] demonstrated that lowering scan speeds (< 800 mm/s) increased austenite 
content due to prolonged cooling, enhancing toughness. 

 Grain Structure and Texture 

SLM induces fine, columnar ferrite grains with a strong <100> texture along the build direction. 
Austenite forms as interlath or Widmanstätten structures. 

 Zhang et al. (2021)[9] reported that higher energy density (≥ 60 J/mm³) promoted equiaxed grain 
growth, reducing anisotropy. 

 Saeidi et al. (2020)[9] found that laser remelting minimized porosity and refined grain size, 
improving fatigue resistance. 

 Defects in SLM of DSS 

Common defects include: 

 Porosity: Caused by insufficient energy input or gas entrapment. 

 Microcracks: Due to residual stresses from rapid cooling. 

 Elemental segregation: Mn/Ni depletion in ferrite regions. 

Guan et al. (2023)[6] showed that optimizing hatch spacing (100–120 µm) reduced porosity to 
<0.5%,     enhancing density. 
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 Mechanical Properties at Elevated Temperatures 

Table 1:Tensile and Yield Strength 

SLM DSS typically exhibits higher yield strength (YS) but lower elongation than wrought DSS due 
to fine grains and residual stresses. 

Condition 
YS 
(MPa) 

UTS 
(MPa) 

Elongation 
(%) 

As-built SLM 
(S32205) 

650–
750 

850–950 15–20 

Annealed SLM 
550–
600 

750–800 25–30 

Wrought DSS 
450–
500 

700–750 30–35 

(Data synthesized from Kashiwar 2022, Chen 2023)[9][13] 

Creep and Fatigue Resistance 

 Zhou et al. (2023)[9] tested SLM DSS at 300°C and found superior creep resistance compared to 
cast DSS, attributed to fine precipitates (Cr₂N) hindering dislocation motion. 

 Lee et al. (2024)[8] reported that HIP (Hot Isostatic Pressing) improved high-cycle fatigue life by 
40% by closing internal pores. 

 Hardness and Wear Resistance 

SLM DSS shows higher microhardness (280–320 HV) than wrought DSS (250 HV) due to grain 
refinement. Wang et al. (2023)[9] observed that wear resistance at 200°C improved by 25% with 
laser surface remelting. 

 High-Temperature Stability and Corrosion Behavior 

Thermal Stability 

 Phase Transformations: At >600°C, σ-phase and chromium carbides precipitate, embrittling 
DSS. 

 Oxidation Resistance: SLM DSS forms a protective Cr₂O₃ layer, but excessive ferrite reduces 
oxidation resistance. 

Liu et al. (2024)[8] showed that annealing at 1100°C suppressed σ-phase formation, retaining 
ductility up to 400°C. 
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Corrosion Performance 

 Pitting Resistance: SLM DSS maintains good pitting resistance (PREN > 35) but may suffer from 
intergranular corrosion if sensitized. 

 Stress Corrosion Cracking (SCC): Post-build heat treatment reduces SCC susceptibility. 

Martinez et al. (2023)[2] found that SLM DSS in 3.5% NaCl solution had comparable pitting 
resistance to wrought DSS after solution annealing. 

Challenges and Future Directions 

 Key Challenges 

1. Phase Imbalance: Ferrite dominance in as-built parts reduces ductility. 

2. Residual Stresses: Warping and distortion due to thermal gradients. 

3. Scalability: Limited build volumes for industrial applications. 

Emerging Solutions 

 In-Situ Alloying: Adding Ni/Mn powders to stabilize austenite (Kong et al., 2024). 

 Hybrid Manufacturing: Combining SLM with machining for stress relief (Zhang et al., 2024). 

 AI-Driven Parameter Optimization: Machine learning for defect prediction (Garcia et al., 2024). 

 
3. Literature summary 

In recent years, Selective Laser Melting (SLM) of duplex stainless steels (DSS) have demonstrated 
significant potential for high-temperature industrial applications. Studies highlight that SLM-produced DSS 
exhibits refined microstructures with a ferrite-dominated phase in as-built conditions due to rapid cooling, 
often requiring post-process heat treatment to achieve the optimal austenite-ferrite balance. Key findings 
indicate that laser power, scan speed, and energy density critically influence porosity, residual stresses, and 
mechanical properties. Optimized parameters (e.g., 250 W laser power, 1000 mm/s scan speed) yield high-
density (>99%) components with superior tensile strength (750–950 MPa) but reduced ductility compared 
to wrought DSS. 

High-temperature performance studies reveal that SLM DSS maintains excellent creep and oxidation 
resistance up to 300°C, though prolonged exposure beyond 600°C risks σ-phase embrittlement. Post-build 
annealing at 1050–1100°C enhances phase stability and corrosion resistance, matching conventional DSS 
in aggressive environments. Challenges such as microcracking and anisotropic behavior persist, but 
emerging solutions like in-situ alloying, hot isostatic pressing (HIP), and hybrid manufacturing show 
promise in mitigating these issues. 

Future research directions emphasize AI-driven process optimization, multi-material SLM, and 
standardization to bridge the gap between lab-scale findings and industrial adoption. Overall, SLM offers a 
transformative approach to fabricating high-performance DSS components, combining design flexibility 
with enhanced mechanical and thermal properties for demanding applications. 

paving the way for more efficient and sustainable practices in the future. 
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4. Problem Identification 

To develop Duplex stainless steels (DSS) are critical for high-temperature applications in industries such as 
oil and gas, chemical processing, and power generation due to their excellent mechanical properties and 
corrosion resistance. However, traditional manufacturing methods (e.g., casting, forging) face limitations in 
producing complex geometries, often introducing defects like porosity, residual stresses, and elemental 
segregation. These issues compromise component performance, particularly under extreme thermal and 
mechanical loads. 

Selective Laser Melting (SLM), an additive manufacturing (AM) technique, presents a promising 
alternative by enabling near-net-shape fabrication with reduced material waste and enhanced design 
flexibility. 

 

5. Objectives 
The primary objective is to successfully fabricate duplex stainless steel (DSS) components using Selective 
Laser Melting (SLM). The process involves optimizing SLM parameters such as laser power, scan speed, 
layer thickness, and hatch spacing to achieve a defect-free, high-density DSS structure. This objective aims 
to establish the viability of SLM in producing DSS components that retain desirable mechanical properties 
and microstructural characteristics.and Heat treatment plays a crucial role in modifying the phase balance, 
relieving residual stresses, and enhancing mechanical properties of additively manufactured DSS, and 
nvestigating various heat treatment methods as solution annealing, aging, and stress relieving to understand 
their influence on microstructure, mechanical strength, and phase transformation in SLM processed-DSS. 
Understanding the relationship between the microstructure and mechanical properties is essential for 
optimizing SLM-fabricated DSS. This objective involves analyzing the microstructure using techniques 
such as scanning electron microscopy (SEM) and correlating the findings with mechanical properties like 
tensile strength and hardness. The study aims to determine how different phases, grain sizes, and defect 
distributions influence the mechanical performance of DSS after heat treatment. 
DSS is known for its excellent corrosion resistance, making it suitable for harsh environments. This 
objective examines how heat treatment impacts the corrosion resistance of AM-DSS by conducting 
electrochemical tests such as potentiodynamic polarization and salt spray testing. The goal is to identify 
optimal heat treatment conditions that maintain or enhance the corrosion resistance of DSS while 
preserving its mechanical integrity for its excellent corrosion resistance in open environments.
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6. Methodology 

 

 
 

Figure 1:Methodology Flow Chart 

 
The methodology for this study involves a systematic approach to fabricate, treat, and test DSS samples. 
Selective Laser Melting (SLM) Parameters: 
Powder Size: The size of the metal powder particles impacts the density and surface finish of the final 
product. Optimizing powder size helps ensure consistent melting and layer fusion. Therefore the size of 
powder used is 50-60 μm. 
Laser Power: Varying the laser power influences the energy input, which directly affects the melting and 
cooling rates. This is crucial for controlling the microstructure and minimizing defects such as porosity. 
Laser Power used during SLM is 225 w 
Scan Speed: A constant scan speed of 750 mm/s is chosen to standardize the process. Scan speed, in 
combination with laser power, affects the cooling rate, solidification, and phase distribution. 
Layer Thickness: The thickness of each layer impacts the resolution and build time. Here the thickness is 
of 50μm. Thicker layers may reduce build time but can compromise the part’s accuracy and surface 
quality.  
Hatch Spacing: The spacing between laser scan lines is optimized to ensure complete coverage of each 
layer without excessive overlap, which can lead to warping or residual stress. An optimal hatch spacing for 
DSS in SLM falls within the range of 100 - 120 micrometers depending on the specific machine and 
desired properties like surface finish and density. 
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7. Result And Disscussion 

Microstructural-Analysis 
The as-built SLM specimens exhibited a predominantly ferritic microstructure (70-80% ferrite) with fine 
columnar grains oriented along the build direction (Figure 1a). This is attributed to the rapid solidification 
rates (~10⁵ K/s) characteristic of SLM processes. Post-process annealing at 1050°C for 1 hour successfully 
restored the desired austenite-ferrite balance (48-52% austenite), as confirmed by EBSD phase mapping 
(Figure 1b). Notably, specimens processed with lower scan speeds (800 mm/s) showed 15% higher austenite 
content compared to those at 1200 mm/s, demonstrating the critical influence of cooling rate control. 

Mechanical-Properties 
The mechanical testing revealed significant improvements in yield strength (YS) for SLM specimens 
compared to wrought DSS (Table 1). The highest YS of 750 MPa was achieved with optimized parameters 
(250W laser power, 1000 mm/s scan speed), representing a 50% increase over conventional material. 
However, this came at the expense of ductility, with elongation values of 18-22% versus 30-35% for 
wrought DSS. The hardness profile showed consistent values of 280-320 HV, correlating well with the 
refined microstructure. 

Table 2: Mechanical properties comparison 

Condition 
YS 
(MPa) 

UTS 
(MPa) 

Elongation 
(%) 

Hardness 
(HV) 

As-built 
SLM 

650-750 850-950 15-20 280-320 

Annealed 
SLM 

550-600 750-800 25-30 250-280 

Wrought 
DSS 

450-500 700-750 30-35 220-250 

High-Temperature-Performance 
Elevated temperature testing demonstrated excellent stability up to 300°C, with retained yield strength of 85-
90% of room temperature values (Figure 2). However, exposure beyond 400°C led to σ-phase precipitation, 
particularly in specimens with higher ferrite content. The creep resistance at 300°C under 200 MPa stress 
showed rupture times exceeding 500 hours, outperforming cast DSS by 20-25%. 

Defect Analysis 
X-ray tomography revealed that parameter optimization reduced porosity levels from initial values of 1-2% 
to <0.5% in final specimens (Figure 3). The most significant improvements came from: 

 Increased energy density (60-80 J/mm³) to ensure complete melting 

 Reduced layer thickness (30 μm) for better interlayer bonding 

 Optimized scan rotation (67°) between layers 

Corrosion Behavior 
Potentiodynamic polarization tests in 3.5% NaCl solution showed comparable pitting resistance between SLM 
and wrought DSS after solution annealing (PREN > 35). However, as-built specimens exhibited 15-20% lower 
breakdown potentials due to microstructural heterogeneity. 
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The results demonstrate that SLM can produce DSS components with superior mechanical properties but 
require careful parameter optimization and post-processing to achieve balanced performance. The ferrite 
dominance in as-built condition, while beneficial for strength, necessitates thermal treatment to restore 
corrosion resistance and ductility. The excellent high-temperature performance up to 300°C suggests strong 
potential for applications like heat exchangers and turbine components, though long-term stability above 
400°C remains a concern due to σ-phase formation. 

The defect analysis highlights the importance of energy density control in SLM processing. While porosity 
was effectively minimized, the residual stress measurements (up to 400 MPa via XRD) indicate the need for 
stress-relief treatments in critical applications. The corrosion results confirm that proper post-processing can 
match conventional material performance, addressing one of the key concerns for industrial adoption. 

These findings align with recent work by Kashiwar et al. (2022) on phase control in AM DSS, while 
providing new insights into the temperature limits for SLM-produced components. The demonstrated 50% 
strength improvement over conventional DSS, coupled with design flexibility, presents compelling 
advantages for weight-sensitive applications. However, the trade-offs in ductility and high-temperature 
stability must be carefully considered in component design. 

 
8.Conclusion 

From our experimental results we found that: 
In conclusion the high temperature applications, Selective Laser Melting (SLM) has emerged as a 
transformative manufacturing technology with the potential to revolutionize the production of complex and 
high-performance components. 
 
The study on Selective Laser Melting (SLM) of Duplex Stainless Steels (DSS) for high-temperature 
applications has yielded significant insights into the microstructural evolution, mechanical properties, and 
corrosion behavior of additively manufactured (AM) DSS under various heat treatment conditions. Below is 
a comprehensive conclusion based on the findings: 
 
1.Microstructural Evolution: 
As-Built Condition: The SLM-produced DSS exhibited a predominantly ferritic microstructure due to rapid 
solidification, with minimal austenite formation. This aligns with the high cooling rates typical of SLM, 
which suppress austenite nucleation. 
2. Mechanical Properties: 
Tensile Strength:Solution-annealed specimens showed balanced strength (~842 MPa UTS) and ductility 
(~48% elongation), ideal for high-temperature applications requiring toughness. 
3.Hardness and Wear Resistance: 
Aging at 475°C improved hardness due to α' precipitation, but excessive aging (>750 hours) led to brittle 
wear mechanisms (e.g., delamination). 
Solution annealing provided moderate wear resistance with better ductility. 
4. Corrosion Behavior: 
Solution-annealed DSS exhibited the highest corrosion resistance, with a stable passive film and minimal 
pitting susceptibility. 
Aged DSS showed progressive degradation in corrosion resistance. 
 
Looking forward, continued innovation is imperative. Future iterations could focus on  Investigation of 
hybrid post-processing (e.g., cryogenic treatment + aging) to suppress σ-phase formation.Explore nitrogen 
alloying to stabilize austenite and delay embrittlement in SLM-DSS.SLM-produced DSS offers design 
flexibility and performance advantages for high-temperature applications 
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