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Duplexa rostfria stål (DSS) med en ferritisk-austenitisk mikrostruktur används 
inom ett brett spektrum av tillämpningar tack vare hög korrosionsbeständighet 
och goda mekaniska egenskaper. Effektiv och framgångsrik produktion och 
sammanfogning av DSS kräver noggrann kontroll av processer och en 
djupgående förståelse av sambanden mellan kemisk sammansättning, termiska 
cykler, resulterande mikrostrukturer och egenskaper. I detta arbete studerades 
svetsning och metalldeponering (direct energy deposition) av DSS med hjälp av 
laseroch resulterande mikrostrukturer samt egenskaper utvärderades. 

I den första delen svetsades ett lägre legerat FDX 27 duplex rostfritt stål, som har 
en TRIP-effekt (transformation-induced plasticity), med laser och 
laseruppvärmdes med ren argon eller ren kvävgas som skyddsgas. Svetsgodsets 
austenitandel var 22% för argonskydd och 39% för kvävgasskydd under 
svetsningen. Färre nitrider observerades med kvävgasskydd jämfört med 
argonskydd. Laseruppvärmning påverkade inte signifikant nitrid- eller 
austenitandelen för argonskydd. Dock resulterade laseruppvärmningen av svetsen 
med kvävgasskydd i minskad nitridandel samtidigt som austenitandelen ökade till 
57%, vilket visar effektiviteten av detta tillvägagångssätt. 

Analys av fasfraktion är viktig för DSS eftersom balansen mellan ferrit och 
austenit påverkar egenskaperna. För TRIP-stål måste risken för 
martensitomvandling av austenit under provberedningen också beaktas. Ferrit, 
austenit och martensit identifierades och kvantifierades med hjälp av ljusoptisk 
mikroskopi (LOM) och analys med hjälp av diffraktion av bakåtspridda elektroner 
(EBSD electron backscatter diffraction). Det visade sig att mekanisk polering gav 
upp till 26% deformationsinducerad martensit, medan ingen martensit 
observerades efter elektrolytisk polering. 

I den andra delen användes en systematisk metodik i fyra steg för att utveckla 
procedurer för additiv tillverkning av standardkomponenter i 22% krom DSS 
med metalldeponering och laser med svetstråd som tillsatsmaterial (DED-LB/w), 

 

vii 
 

kombinerad med varmtrådteknologi. I de fyra stegen tillverkades enkelsträngar, 
enkelväggar, ett block och slutligen en cylinder med en inre diameter på 160 mm, 
tjocklek på 30 mm och höjd på 140 mm. Genom att implementera denna metodik 
med en stegvis ökning av den deponerade volymen och geometrisk komplexitet 
kan additiva tillverkningsprocedurer framgångsrikt användas för utveckling av 
metallkomponenter med betydande storlekar. Den deponerade mikrostrukturen 
var ojämn och innehöll upprepade områden med hög ferrithalt och nitrider samt 
områden med hög andel av austenit. Värmebehandling i 1 timme vid 1100°C 
homogeniserade mikrostrukturen, löste upp nitriderna och jämnade nästan ut 
ferrit- och austenitandelarna. Hållfasthet, duktilitet och seghet var goda för 
cylindern, jämförbara med de av smidda typer av 2205 DSS, både som deponerad 
och efter värmebehandling. Gropfrätning och korrosionsmotstånd visade att 
mikrostrukturella skillnader, inklusive förhållande ferrit till austenit, fördelning av 
legeringselement i ferrit och austenit och närvaro av nitrider, påverkade 
korrosionsmotståndet för DED-LB/w DSS. Det visades också att, tillsammans 
med sönderfallet av ferrit till Fe-rika (α) och Cr-rika (αʹ) faser, bidrar kluster av 
Ni, Mn och Si-atomer till sprödhet vid 475°C hos DSS tillverkade av DED-LB/w. 

Detta arbete har visat att en laser framgångsrikt kan användas som värmekälla vid 
tillverkning av DSS både för svetsning och additiv tillverkning. Utmaningar som 
kväveutarmning, låga austenitandelar och bildning av nitrider måste dock hanteras 
genom noggrann processtyrning och/eller värmebehandling. 
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Duplex stainless steels (DSSs), with a ferritic-austenitic microstructure, are used 
in a wide range of applications thanks to their high corrosion resistance and good 
mechanical properties. However, efficient and successful production and joining 
of DSS require precise control of processes and an in-depth understanding of the 
relations between composition, processing thermal cycles, resulting 
microstructures and properties. In this study welding and direct energy deposition 
of DSS using a laser beam, resulting weld and component microstructures, and 
properties are explored.  

In the first part a lean FDX 27 DSS, showing the transformation-induced 
plasticity (TRIP) effect, was autogenously laser welded and laser reheated using 
pure argon or pure nitrogen as shielding gas. The weld metal austenite fraction 
was 22% for argon-shielding and 39% for nitrogen-shielding in the as-welded 
conditions. Less nitrides were found with nitrogen-shielding compared to argon-
shielding. Laser reheating did not significantly affect nitride content or austenite 
fraction for argon-shielding. However, laser reheating of the nitrogen shielded 
weld removed nitrides and increased the austenite fraction to 57% illustrating the 
effectiveness of this approach.  

Phase fraction analysis is important for DSS since the balance between ferrite and 
austenite affects the properties. For TRIP steels the risk of austenite-to-martensite 
transformation during sample preparation also has to be considered. Ferrite, 
austenite and martensite were identified and quantified using light optical 
microscopy (LOM) and electron backscatter diffraction (EBSD) analysis. It was 
found that mechanical polishing produced up to 26% strain-induced martensite, 
while no martensite was observed after electrolytic polishing.  

In the second part a systematic four-stage methodology was applied to develop 
procedures for additive manufacturing of standard 22% Cr DSS components 
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employing direct energy deposition using a laser beam and wire feedstock (DED-
LB/w) combined with the hot wire technology. In the four stages, single-bead 
passes, a single-bead wall, a block, and finally a cylinder with an inner diameter of 
160 mm, thickness of 30 mm, and height of 140 mm were produced. 
Implementing this methodology with a stepwise increase in the deposited volume 
and geometrical complexity can successfully be used when developing additive 
manufacturing procedures for significantly sized metallic components. The as-
deposited microstructure was inhomogeneous and repetitive including highly 
ferritic regions with nitrides and regions with high fractions of austenite. Heat 
treatment for 1 hour at 1100°C homogenized the microstructure, dissolved the 
nitrides, and almost balanced the ferrite and austenite phase fractions. Strength, 
ductility, and toughness were at a high level for the cylinder, comparable to those 
of wrought type 2205 steel, both as-deposited and after heat treatment. The 
pitting corrosion resistance revealed that microstructural differences, including 
ferrite-to-austenite ratio, alloying element distribution in ferrite and austenite , and 
the presence of nitrides, affected the corrosion resistance of DED-LB/w DSS. It 
was also shown that alongside the decomposition of ferrite into Fe-rich (α) and 
Cr-rich (αʹ) phases, clustering of Ni, Mn, and Si atoms are contributing to the 
475°C -embrittlement of DSS manufactured by DED-LB/w.  

This study has illustrated that a laser beam can successfully be used as heat source 
in processing of DSS both for welding and additive manufacturing. However, 
challenges like nitrogen loss, low austenite fractions and nitride formation have 
to be handled by precise process control and/or heat treatment.  
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1 Introduction 

Duplex stainless steels (DSS) have received much attention during recent years 
thanks to offering high corrosion resistance and good mechanical properties. 
They are often used in demanding environments found in different industries 
such as oil and gas, petrochemical, pulp and paper, desalination, and pollution 
control [1], [2]. Their applications have been extended also to more general 
transportation and construction applications [3]. The manufacturing and 
processing of DSS, however, face challenges as multiple thermal cycles can alter 
their microstructure and consequently have detrimental effects on the corrosion 
resistance and mechanical properties. 

In this chapter, firstly a general background about DSS and its processing 
including welding and additive manufacturing are presented. After that, the 
knowledge gaps regarding laser welding and laser additive manufacturing of these 
alloys are identified. Finally, the objectives and research questions of the present 
work are introduced. 

1.1  Background 
Duplex stainless steels have a two-phase microstructure with austenite in a ferritic 
matrix (Figure 1). In DSS, the best combination of mechanical properties and 
corrosion resistance comes by approximately equal fractions of ferrite and 
austenite [2], [4]. 

 

Figure 1: Microstructures of (a) wrought base material and (b) processed (additively 
manufactured) duplex stainless steel. The dark phase is ferrite, and the bright phase 

is austenite. 
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The first reference about DSS appeared in 1927 as published data on ferritic-
austenitic microstructures [5]. Duplex stainless steel was developed as it was 
found that ferrite increases both the resistance towards hot cracking and 
intergranular corrosion (IGC) of austenitic stainless steel [2]. Duplex stainless 
steel also offered excellent corrosion resistance and good mechanical properties. 
Although the early compositions of DSS consisted of only Fe, Cr, and Ni, they 
had been alloyed with other elements such as Mo, Cu, and Mn. In old grades, 
however, weldability was a major problem in the processing of DSS since it led 
to an excessive amount of ferrite in the heat affected zone (HAZ). Nitrogen 
alloying improved the weldability of DSS as it promotes austenite formation [1]. 

Duplex stainless steels have been developed for the past 80 years to be applicable 
in various industries. In DSS, the ferrite phase contributes to strength and 
resistance to stress corrosion cracking (SCC), while the austenite phase improves 
toughness and general corrosion resistance [6]. Duplex stainless steel, moreover, 
can be a cost-effective alternative to austenitic stainless steel thanks to its higher 
specific strength and SCC resistance [7], [8]. 

Development of laser equipment as the heat source opens doors for the 
fabrication of DSS components by implementing processes like laser welding and 
laser additive manufacturing. The laser beam provides opportunities to improve 
the productivity, quality, and design of metallic components [9]. Despite the high 
initial cost of laser equipment, the total fabrication cost justifies the application of 
laser in welding and additive manufacturing of DSS. 

Laser welding brings benefits to a wide range of industries by enabling fabrication 
of DSS parts with low thicknesses and thereby low weight. It also has the potential 
to accelerate the production of DSS components [9], [10]. However, some 
metallurgical challenges such as achieving a balanced microstructure and avoiding 
the formation of deleterious secondary phases limit its applications to DSS.  

Additive manufacturing (AM) using a laser as the heat source also provides new 
opportunities for the fabrication of near-net-shape components with a low waste 
of material, customized features, tailored properties, and complex geometries [11]. 
Unlike the subtractive methods which remove material to reach the final shape, 
in AM processes, the parts are fabricated by adding beads/layers upon each other 
[12]. Directed Energy Deposition using a Laser Beam and wire feedstock (DED-
LB/w), also known as laser metal deposition with wire (LMDw), is an AM process 
in which using wire as the feedstock brings the benefits of availability and low 
cost of raw material and a possible high deposition rate. 

Production technology of DSS, including laser welding and recently laser AM, is 
challenging since the unbalanced microstructure and precipitation of detrimental 
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secondary phases can have deleterious effects on the mechanical properties and 
corrosion performance of welded or additively manufactured DSS components. 

1.2 Knowledge gap 
The fabrication of DSS using low-energy input processes like laser welding or 
laser directed energy deposition presents a challenge in achieving the desired 
phase balance. The high cooling rates associated with these processes often lead 
to excessive ferrite and nitride formation [3],  [14]. To tackle these problems, some 
techniques can be used to balance ferrite and austenite ratios and recover the 
properties. In recent years, there have been a number of studies about the effect 
of shielding gas, as one of the most important factors of controlling weld 
properties when welding DSS [15]–[20]. Reheating or heat treatment are other 
approaches that have been employed to improve the properties of laser fabricated 
DSS [21]–[25]. Despite the need from the industry, no special guidelines show the 
combined effect of the choice of shielding gas and laser heat treatment when 
aiming at improving properties with a minimum delay in the production time of 
DSS.  

In addition to the mentioned challenges in welding, laser additive manufacturing 
of DSS faces a complicated microstructure because of a large number of thermal 
cycles [26]. There has been some research about powder bed AM [6], [27]–[30] 
and Wire Arc AM [31]–[40], however, knowledge is largely lacking about DED-
LB/w of DSS. 

Therefore, the implementation of a laser as the heat source in the processing of 
DSS has to be done being aware of potential problems. There is limited 
information available in the open literature about certain aspects of:  

• Minimizing defects of DSS components manufactured by either laser 
welding or laser AM. 

• Nitrogen loss during laser processing of DSS. 
• Controlling, detection, and quantification of martensite in DSS.  
• Achieving a suitable phase balance in laser processing, either welding or AM. 
• Corrosion resistivity of DED-LB/w manufactured components 
• Effect of heat treatment on microstructure and properties, and of laser 

processed DSS components.  
• 475ºC embrittlement in DSS fabricated by DED-LB/w 
• The extent of anisotropy in additively manufactured components by DED-

LB/w.   
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1.3 Limitations 
For a thorough and comprehensive evaluation of additively manufactured DSS 
components, there are further tests and evaluation techniques that were beyond 
the scope of the present studies but should be considered. These include defect 
analysis during deposition, fatigue testing, residual stress assessment, and 
optimizing deposition rates for productivity. Exploring the possibility of 
mitigating heat accumulation in AM and achieving a more uniform microstructure 
by adjusting heat input would be an intriguing avenue for future research, 
although it was not the focus of the current study.  

1.4 Objective and research questions 
Considering the knowledge gaps about welding and DED of DSS employing a 
laser beam as the heat source, and the microstructures and properties of fabricated 
components, the objective was defined as: 

• To increase the understanding of the microstructure evolution and its 
influence on the mechanical properties and corrosion resistance of 
laser beam manufactured duplex stainless steels  

Achieving this objective would contribute to extending the application of laser as 
a heat source in the processing of DSS. It would decrease production time and 
bring new opportunities in both welding and AM of DSS. It, therefore, introduces  
more sustainable approaches to the manufacturing of DSS components, aligning 
with the broader goals of efficiency and environmental responsibility in the field. 

To achieve the objective, the following research questions were formulated: 

1. How does the choice of shielding gas and laser reheating affect austenite 
content and nitride formation in laser welding of duplex stainless steel? 

2. To what extent does the choice of sample preparation technique affect the 
phase fraction analysis of TRIP-duplex stainless steel? 

3. How do the microstructural characteristics of DED-LB/w affect the tensile 
strength, impact toughness, and pitting corrosion resistance in duplex 
stainless steel components, considering variations in both as-deposited and 
heat-treated conditions? 

4. What are the mechanisms and kinetics governing 475ºC embrittlement in 
duplex stainless steel manufactured through DED-LB/w? 

DUPLEX STAINLESS STEELS 
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2 Duplex stainless steels 

In this chapter, firstly different grades of duplex stainless steels are briefly 
described. After that, the physical metallurgy of DSS and their microstructures in 
equilibrium and non-equilibrium conditions are introduced. Finally, a summary of 
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is presented. 
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Duplex stainless steels are called “duplex” since they consist of two phases: ferrite 
and austenite. They are commonly grouped according to their chemical 
composition and corrosion resistance. The Pitting Resistance Equivalent Number 
(PREN) is used to predict the resistance to pitting corrosion of stainless steels 
based on the chemical composition, particularly the contents of chromium, 
molybdenum, and nitrogen [56]. The chemical composition, PREN, and strength 
of some DSS are presented in Table 1. 

Table 1: Typical chemical compositions and properties of duplex stainless steels. 

EN/ UNS No. Common 
designation 

Chemical composition 
(wt.%) PREN* UTS 

(MPa) 
Cr Ni Mo N 

Lean duplex 
1.4162/ S32101 LDX 2101 21 1.5 0.3 0.22 26.0 700 
1.4637/ S82031 FDX 27 20 2.8 1.2 0.18 26.8 700 

Standard duplex 
1.4462/ S31803 2205 22 5.3 2.8 0.16 34.0 750 

Super duplex 
1.4410/ S32750 2507 25 7 4 0.27 42.5 830 

Hyper duplex 
1.4658/ S32707 SAF 2707 27 6.5 4.8 0.4 49.2 1010 

*PREN = % Cr + 3.3% Mo + 16% N 

Lean duplex stainless steels, with a PREN of around 24, is a relatively new sub-
group of duplex alloys which contain a low content of alloying elements compared 
to other grades of DSS. The LDX 2101 is a well-established lean DSS with a lower 
percentage of Ni and Mo that makes it a cost-effective alternative to standard 
DSS.  
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Transformation induced plasticity (TRIP) duplex stainless steels (TDSS) are newly 
developed DSS, in which the TRIP effect is employed to improve formability and 
strength [41], [42]. The FDX 27 DSS is a lean TDSS in which the TRIP effect is 
achieved by having sufficient metastable austenite allowing deformation-induced 
martensitic transformation (DIMT) to occur during forming [43], [44]. This is 
attained by adjusting the austenite (γ) stability via tuning proportions of alloying 
elements and controlling phase fractions, allowing subsequent austenite to 
martensite transformation [45], [46]. 

Standard duplex stainless steels are the most widely used DSS in which the higher 
content of alloying elements, compared to lean grades, results in a higher strength 
and better corrosion performance. Alloy 2205 DSS is the well-known standard 
DSS, with twice the strength compared to austenitic grades and comparable 
corrosion resistance, which makes it a lighter and cost-competitive alternative. 
The PREN of these grades is between 33-35 and these are better candidates 
compared to lean DSS when high corrosion resistance is required. 

Super duplex stainless steels are a group of DSS with PREN higher than 40. 
Thanks to a high content of alloying elements, super DSS offers excellent 
corrosion resistance and good mechanical properties. These alloys can be used in 
environments requiring extraordinary stress corrosion cracking resistance and are 
excellent and cheaper substitutes for super austenitic grades [7]. 

Hyper duplex stainless steels with a PREN of a minimum 49 [47] are the most 
highly alloy DSS. These grades have been developed to have excellent corrosion 
resistance in chloride containing environments, combined with very good 
mechanical properties. They are designed to be used in aggressive environments 
and are very competitive alternatives to expensive nickel base alloys and super 
austenitic stainless steels [47]. 

2.2 Physical metallurgy and microstructure 
Duplex stainless steels consist of a two-phase microstructure including ferrite and 
austenite. In DSS, there are two types of alloying elements. The first group 
containing Cr and Mo stabilizes the ferrite and suppresses austenite formation. 
The second group including Ni, N, and Mn, in contrast, promotes austenite 
formation. Based on the content of alloying elements, the contents of phases can 
vary in DSS. A typical phase diagram of a DSS showing the most common phases 
in equilibrium condition such as ferrite, austenite, sigma phase, and chromium 
nitride (Cr2N) is shown in Figure 2. 
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Figure 2: Typical phase diagram of a duplex stainless steel with composition of Fe, 

23% Cr, 8% Ni, 3% Mo, and 0.16% N showing the most common phases. 

In addition to ferrite and austenite, DSS can have other deleterious secondary 
phases such as chromium nitrides, sigma, etc. According to the formation 
mechanism, austenite can be divided into primary austenite and secondary 
austenite. Duplex stainless steels solidify fully ferritic and primary austenite forms 
on cooling in a solid-state transformation first at ferrite-ferrite grain boundaries 
as intergranular austenite, also called grain boundary austenite, and then as the 
driving force increases also inside the ferrite grains as intragranular and 
Widmanstätten austenite [48], [49]. Secondary austenite forms during additional 
subsequent reheating cycles, typically in multipass welding or additive 
manufacturing. Figure 3 illustrates various morphologies of primary austenite 
after solidification and formation of secondary austenite during reheating. 

 
Figure 3: a) Microstructure of duplex stainless steel with various morphologies of 

primary austenite after solidification and, b) growth of primary austenite and formation 
of secondary austenite during reheating. (Paper C, with permission) 
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Secondary austenite clusters, compared to primary austenite, are more susceptible 
to local corrosion attacks, as indicated by thermodynamic calculations [50], they 
consist of lower content of corrosion-resistant elements such as Cr, Mo, and N. 

No manufacturing or joining process will produce a material in near-equilibrium 
condition unless a post-process heat treatment is applied. As a consequence, 
either the slow or high cooling rate involved can ruin the phase balance of DSS 
components. The solid-state ferrite to austenite transformation in DSS is 
controlled by the diffusion of alloying elements, particularly nitrogen. A high 
cooling rate suppresses sufficient diffusion and subsequently austenite formation. 
During rapid cooling, in addition, ferrite becomes supersaturated in nitrogen and 
non-equilibrium nitrides form in highly ferritic regions on cooling and reheating 
[51], [52]. Slow cooling, on the other hand, provides enough time at elevated 
temperatures for diffusion and promotes austenite formation. However, a wide 
range of deleterious secondary phases such as sigma, Chi, chromium nitrides, R 
phase,carbides, and nitrides can precipitate at lower temperatures which can be 
seen in a Time-Temperature Precipitation (TTP) diagram for DSS (Figure 4). 

 

Figure 4: A schematic time-temperature precipitation (TTP) diagram of duplex 
stainless steels (after Ref [1]). 

2.3 Mechanical properties 
In duplex stainless steels, the toughness from austenite and strength from ferrite, 
make these compound materials an interesting alternative to be used in many 
applications.  

In DSS, the ferrite phase enhances the strength, while it decreases the ductility 
and impact toughness. This is attributed to that ferrite has a body center cubic 
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(bcc) crystal structure, while austenite has a face center cubic (fcc) crystal 
structure, which easily accommodates plastic deformation. Therefore, crack 
growth stops or slows down when it reaches the austenite. In addition to ferrite 
and austenite, the secondary phases including intermetallics and nitrides affect the 
mechanical properties of DSS [53]. They generally suppress dislocation 
movements and make DSS more brittle and less tough. 

Therefore, a balanced ferritic-austenitic microstructure in the absence of 
deleterious secondary phases provides the best combination of strength, ductility, 
and toughness in DSS. 

Duplex stainless steels have better impact toughness than ferritic grades but lower 
than austenitic grades. Thanks to their finer microstructure, the strength of duplex 
ferritic-austenitic stainless steel is higher than both austenitic and ferritic stainless 
steels [54]. The fine grains and lower austenite spacing also improve the toughness 
of the duplex stainless steels.  

2.4 Corrosion resistance 
The general corrosion resistance and resistance to localized corrosion of duplex 
stainless steels is governed by the content of alloying elements such as Cr, Mo 
and N, but also depends on the microstructure [55]. The higher alloyed grades, 
therefore, have better corrosion resistance. The pitting corrosion resistance of 
duplex stainless steels is estimated by their Pitting Resistance Equivalent Number 
(PREN = % Cr + 3.3% Mo + 16% N) [56]. The high content of Cr, Mo, and N, 
therefore, enhances the pitting corrosion resistance of duplex stainless steels. The 
precipitation of intermetallics and nitrides, however, can degrade corrosion 
resistance since the formation of these precipitates leads to the depletion of Cr 
and Mo and N in the surrounding matrix, weakening its resistance to local 
corrosion attacks [57]. 

The presence of ferrite with a bcc crystal structure increases the resistance of 
duplex stainless steels against stress corrosion cracking (SCC) [58]. It is claimed 
that bcc metals are more resistant against SCC, since interactions of dislocations 
mostly lead to the formation of immobile dislocations, and subsequently can 
accommodate more stress [59]. 

In processing of duplex stainless steel, to improve general and pitting corrosion 
resistance as well as stress corrosion cracking, it is tried to reach a microstructure 
with a balanced ferrite and austenite in which both ferrite and austenite have 
desirable chemical compositions with sufficient levels of alloying elements. 
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2.5 475 ºC-embrittlement 
Duplex stainless steels can experience embrittlement when exposed to 
temperatures within the range of 200-500°C. This phenomenon is attributed to 
the decomposition of the ferrite phase into Fe-rich (α) and Cr-rich (αʹ) phases. It 
occurs due to the existence of a miscibility gap within the Fe-Cr solid 
solution system and can occur through nucleation and growth or spinodal 
decomposition mechanisms. The embrittlement is primarily attributed to a 
mismatch in the elastic moduli and lattice parameters between the Fe-rich (α) and 
Cr-rich (αʹ) phases. This mismatch boosts the required stress for dislocation 
mobility, contributing to the embrittlement of the material [60]. This 
phenomenon is commonly known as "475°C embrittlement" because it exhibits 
the most significant kinetics and susceptibility to embrittlement at the 
temperature of 475°C. When DSS contain other alloying elements such as Ni, 
Mn, Mo, and Si, age hardening at 475°C can result from the formation of 
additional intermetallic compounds. These may include phases like G-phase, R-
phase, or χ-phase, which contribute to the age hardening behavior of the material 
[61]–[63]. 
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3 Laser processing of duplex stainless 
steel 

Efficient and successful production of duplex stainless steel components require 
precise control of processes and in depth understanding of relations between 
composition, processing thermal cycles, and resulting microstructures as these 
control properties. This is true both for steel production using conventional 
melting, rolling, and heat treatment as well as advanced processes such as laser 
welding and laser additive manufacturing. 

In this chapter, laser welding and wire laser metal deposition of duplex stainless 
steels as two advanced processes in the fabrication of DSS components are 
introduced. Firstly, a general introduction about welding and in particular laser 
welding of DSS is presented. In the second section, the laser metal deposition 
with wire technology and its application to DSS are described. 

3.1 Welding 
All fusion welding processes, including low energy input and high energy input 
processes, can be implemented for welding of DSS if suitable welding parameters 
and consumables are used [64]. The shielded metal arc welding (SMAW), 
submerged arc welding (SAW), plasma arc welding (PAW), gas metal arc welding 
(MIG/MAG), gas tungsten arc welding (GTAW), and laser welding (LW) are the 
most common fusion welding methods employed for welding of duplex stainless 
steels [3]. Welding can have a considerable influence on the mechanical properties 
and corrosion performance of DSS compared to the parent metal [65].  

The weld, including weld metal and heat affected zone, microstructure depends 
on both the chemical composition and thermal cycles. The first factor, chemical 
composition, is determined by the base material, consumables, dilution, and 
shielding gas. The variation in the content of alloying elements can affect the 
phase balance of DSS welds and thereby degrade the corrosion resistance. 
Nitrogen loss, for example, affects the properties of the welded DSS part [66] 
since its content is of great importance in promoting austenite formation and 
balancing ferrite and austenite fractions [48], [67]. The second factor, thermal 
cycles, is controlled by welding parameters which together with material thickness 
and geometry will determine cooling and heating rates. 

Two main practices could be employed to improve the properties of the weld by 
ensuring the adequate formation of ferrite and austenite accompanied by avoiding 
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the formation of unwanted secondary phases like sigma and nitrides. Firstly, 
modifying the chemical composition of the weld metal by the choice of 
consumable (filler metal), shielding gas, and dilution. Secondly, controlling 
thermal cycles employing preheating, interpass temperature, and heat input [13]. 

During the welding of duplex stainless steels, the cooling rate is generally too high 
to allow sufficient austenite formation. The consumables, therefore, usually have 
a more austenitic composition with 2-4% more Ni than the parent metal for 
maintained mechanical and corrosion properties [3]. The choice of shielding gas 
also plays a vital role in controlling weld metal chemical composition since it can 
affect the nitrogen loss during welding. 

Post processing, particularly post weld heat treatment (PWHT), is another 
approach that can be employed to improve the properties of DSS welds although 
it for practical and economic reasons usually is avoided whenever possible. It 
provides time at elevated temperatures for diffusion and increases austenite 
formation. It, therefore, can recover the phase balance and properties of DSS. 

3.1.1 Laser welding  

Implementation of a laser beam as the heat source in welding of DSS can bring 
advantages in the joining of these alloys. It has the potential to accelerate the 
fabrication of components [9], [10] and provides the opportunity to fabricate DSS 
parts with reduced thicknesses and subsequently lower weights. Some 
metallurgical challenges, however, limit its applications in DSS.  

The solidification of DSS is fully ferritic and followed by the diffusion-controlled 
solid-state ferrite to austenite transformation. Rapid cooling, when using low 
energy input processes such as laser welding, restricts the austenite formation and 
disturbs the optimum phase balance in DSS. This condition also increases the risk 
of nitride formation due to the supersaturation of nitrogen in ferrite. It may, 
therefore, deteriorate the corrosion properties and toughness of DSS laser welds 
[13], [68]. Nitrogen loss can also limit the austenite formation during welding of 
DSS [66]. The decrease of nitrogen content is not restricted to the weld metal 
(WM); the heat affected zone (HAZ) can also be influenced by nitrogen diffusion 
from the HAZ to the WM  [69]–[71]. 

In autogenous laser welding of DSS, since no consumable is added, the choice of 
shielding gas is the only way to affect the weld metal composition. In recent years, 
the effect of shielding gas in welding of DSS, as one of the most important factors 
of controlling weld properties, has been studied [15]–[17]. Table 2 presents laser 
welding parameters, information about base material, shielding gas, and the 
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resulting austenite fraction in laser welding of DSS from a selection of different 
studies. Salminen et al. [18] argued that a higher content of nitrogen in the 
shielding gas leads to an increase in the austenite fraction of 2205 DSS laser welds. 
Keskitalo et al. [19], during laser welding of LDX 2101 DSS, observed that by 
replacing argon with nitrogen as shielding gas, the austenite fraction increased 
from 17% to 29% thanks to a higher nitrogen content of the WM with nitrogen 
shielding. Lai et al. [20] also reported an increment of austenite fraction from 25% 
to 41% by changing from argon to nitrogen shielding gas in laser welding of 2205 
DSS. It should be noted that other laser welding parameters such as laser type, 
power, speed and focus spot size as well as the DSS grade and its thickness are as 
important as the choice of shielding gas for the final austenite fraction of the weld 
metal. The highest austenite fraction reported in Table 2 was, for example, 
reported for CO2 laser welding of thin LDX 2101 with He as shielding gas which 
cannot be explained by nitrogen promoting austenite formation.  

 

Table 2 : Examples of laser welding parameters, base material characteristics, 
shielding gas, and austenite fraction in laser welding of DSS. 
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the formation of unwanted secondary phases like sigma and nitrides. Firstly, 
modifying the chemical composition of the weld metal by the choice of 
consumable (filler metal), shielding gas, and dilution. Secondly, controlling 
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welding parameters, information about base material, shielding gas, and the 
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Heat treatment after welding can promote austenite formation since it provides 
time at elevated temperatures for diffusion, and subsequently ferrite to austenite 
transformation [21]–[24], [73]. Saravanan et al. [21] improved the austenite 
fraction of 2507 DSS laser welds by about 12% by PWHT at 1050 ℃ for two 
hours in a furnace. Young et al. [73] also reported that a 60 min furnace PWHT 
at 1050 ºC increased the austenite fraction from 25% in as-welded condition to 
55%.  In another study, Yang et al. [22] showed that furnace PWHT at 1080 ºC 
for 3 min increased austenite content from 7% in as-welded condition to 54%. 
Despite that furnace PWHT promotes the austenite formation, it may not be 
feasible for large and/or complex geometries and it may significantly increase the 
production time. Capello et al. [24] used laser heat treatment, as an alternative 
method to furnace heat treatment, to promote austenite formation in DSS welds. 
They successfully showed the possibility of laser reheating to increase the 
austenite fraction in DSS welds. However, they found a heterogeneous 
microstructure in the weld with a high fraction of secondary austenite in the top 
with no significant increase of austenite content in the bottom. Kolenic et al. [74], 
moreover, increased the austenite fraction of 2507 SDSS laser welds using 
defocused laser beam reheating. However, a lower amount of austenite was 
achieved in the root compared to the surface and center of the welds due to 
relatively low peak temperatures and the use of argon shielding gas. 

3.2 Additive manufacturing 
Additive manufacturing (AM) refers to a diverse set of technologies that 
successively add layers or beads of matrials to produce the components based on 
3D model data [75]. This approach has received significant attention in both 
academia and industry thanks to its capacity for creating near-net-shape 
components with minimal material waste, customizable features, specific 
properties, intricate geometries, and environmentally efficient manufacturing [11], 
[76]. The tool-free nature of AM techniques enables on-demand production, 
potentially revolutionizing conventional manufacturing processes [77]–[79].  

3.2.1 Additive manufacturing of metallic materials 

In the realm of metallic materials, the American Society for Testing and Materials 
(ASTM) Committee has systematically categorized AM processes, initially 
distinguishing between single-step and multi-step processes. based on key 
parameters. It first categorized the AM processes based being single-step or mulri-
step processes. For single-step processes, as outlined in reference [75], this 
categorization employs criteria such as the state of fusion, material feedstock, 
material distribution, and the source of heat input to precisely define each AM 
process. 
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Figure 5: Classification of single-step metal additive manufacturing technologies (after 
Ref [75]). 
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in AM of metallic materials [12], [80]. In the PBF, first, a 3D model of the part is 
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layers. To build the component, an energy source, either a laser beam or an 
electron beam, is employed to fuse a thin layer of powder at specified locations in 
the powder bed. After that, the powder bed shifts through the build (Z) direction, 
and thereafter a new layer of powder is applied to the powder bed. The process 
is repeated until the 3D part is manufactured.  

In powder bed fusion using a laser beam (PBF-LB), also known as selective laser 
melting (SLM), Davidson et al. [27] produced super duplex stainless steel 
components employing SLM. The as-deposited manufactured part had only 7% 
austenite, while the fraction of austenite increased to around 45% after 1 hour 
heat treatment at 1040 ℃. Hengsbach et al. [29] fabricated standard duplex 
stainless steel using PBF-LB, and they reported only 1% austenite in as-deposited 
condition. They heat-treated additively manufactured samples at various 
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temperatures between 900-1200 ℃ for 5 minutes, and their results showed that 
the best austenite fraction was achieved at 1000 with 34% austenite. Saeidi et al. 
[6] also reported a relatively fully ferritic microstructure in laser melting of super 
duplex stainless steel powder. Their results indicated that although the chemical 
composition was unchanged during laser melting, the high cooling rate 
suppressed austenite formation and it led to a ferritic microstructure. Papula et al. 
[28] fabricated standard duplex stainless steels with PBF-LB. Similar to other 
studies, they also observed a high fraction of ferrite with only 1% austenite in as-
deposited condition. Heat treatment for 1 hour at 1000 ℃ led to the formation 
of more than 45% austenite. Therefore, in powder bed fusion AM with PBF-LB 
(SLM) [6], [27]–[29], the low fraction of austenite formation is the main problem 
and post-heat treatment has been necessary to balance the ferrite and austenite 
ratio.  

Direct Energy Deposition (DED) is the other group of AM techniques that 
were developed for rapid fabrication of functional prototypes and gradually these 
are being used for manufacturing of metallic components [81]. Directed energy 
deposition refers to the family of AM techniques in which the part is built by 
melting and fusing material as it is deposited. Directed energy deposition is carried 
out by simultaneous feeding of powder or wire feedstock and melting by a 
concentrated energy source, either laser beam, electron beam, or arc [82] to 
deposit the material layer by layer and thereby fabricate the part [83]. In addition 
to the manufacturing of new parts, DED is used for repairing and rebuilding 
damaged parts. Directed energy deposition with wire feedstock is a method for 
fabrication of high-quality metallic parts.  

Directed Energy Deposition using an Electric Arc (DED-Arc) also known 
as Wire-Arc Additive Manufacturing (WAAM) is a DED technique in which an 
electric arc is used as the heat source and a wire as the feedstock. The DED-Arc 
(WAAM) of DSS has also attracted widespread interest due to the affordable 
equipment and its high deposition rate [31]–[33], [84], [85]. Posch et al. [85] 
employed DED-Arc and standard duplex stainless steel wire via the cold metal 
transfer (CMT) process. The austenite fractions were 71-74% which indicated a 
high fraction of austenite formation. Eriksson et al. [38] also used the CMT 
technique in DED-Arc of super duplex stainless steel. However, they reported an 
approximate 80% austenite fraction in the as-deposited condition which was 
around 30% more than for the base material. In another study, Stutzer et al. [33] 
with DED-Arc of standard duplex stainless steel reached a 61% austenite fraction. 
They also tried adding an additional cold wire with lower Ni during deposition. 
The austenite fraction then decreased to 28%. Hosseini et al. [31] investigated the 
DED-Arc of a standard duplex stainless steel and for low heat input–low 
interlayer temperature and high heat input–high interlayer temperature, the 
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austenite fractions were 46±2 and 38±2 %, respectively. Lervåg et al. [32] studied 
the DED-Arc with super duplex stainless steel wire. They fabricated a single-bead 
wall in which the austenite fraction was 73-85%. The high amount of austenite 
formation was attributed to the selected filler wire which contained higher Ni 
compared to the common grades of super duplex stainless steels. 

Directed Energy Deposition using a Laser Beam (DED-LB) also known as 
Laser Metal Deposition (LMD) is the other AM technique that is considered as 
one of the beneficial manufacturing methods for metals in which the feedstock 
could be either powder or wire. It is also known as Laser Direct Energy 
Deposition (LDED), Laser Direct Metal Deposition (LDMD), and Laser Beam 
Additive Manufacturing (LBAM). Laser Metal Deposition is an AM technique 
that forms a melt pool on the metallic substrate by a laser beam in which either 
powder or wire is fed.  

Directed Energy Deposition using a Laser Beam (DED-LB) benefits from several 
advantages:  

• High build rates: the build rate of DED-LB is relatively high compared to 
most other AM processes. 

• A wide range of materials: the DED-LB can use both wire and powder of 
different metallic materials and can create parts with customized chemical 
compositions. 

• Flexibility: the DED-LB can be applied to many surfaces regardless of their 
geometry. It also can be used in repair applications. 

• Simple change of materials: the DED-LB can be used with different 
materials in the production of a single piece. 

Directed Energy Deposition using a Laser Beam with Wire feedstock 
(DED-LB/w) also known as Laser Metal Deposition with Wire (LMDw) is a 
DED technique in which a laser beam is employed as the energy source to melt 
and deposit a wire to build the component. Important benefits of wire-feed AM 
are availability and low cost of raw material, high material usage efficiency (up to 
100%), a possible high deposition rate, and few defects [86]. In addition, the 
implementation of a laser beam in combination with an advanced controlling 
system provides good possibilities to monitor and control the process [87]. This 
AM process is, therefore, suitable for the production of relatively large and fully 
dense metallic parts. Preheating the wire feedstock using the hot-wire technique, 
increases the deposition rate of DED-LB/w [88] thereby improving productivity.  

In the production of a large component, an alternative to DED-LB/w is DED-
Arc (WAAM) which can achieve higher deposition rates compared to DED-
LB/w [89]. However, DED-Arc has less good dimensional control and design 
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AM process is, therefore, suitable for the production of relatively large and fully 
dense metallic parts. Preheating the wire feedstock using the hot-wire technique, 
increases the deposition rate of DED-LB/w [88] thereby improving productivity.  
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limitations and the deposited product often needs significant final machining [90]. 
Implementation of a laser beam instead of an electric arc as the power source has 
the advantage that dimensional control can be improved, while it also preserves a 
high deposition rate [12], [91]. 

Laser metal deposition with duplex stainless steel wire was studied by Valiente et 
al. [87]. They produced a DSS single bead wall by DED-LB/w as the initial stage 
of this research and studied the microstructure in both as-deposited and heat-
treated conditions. They found that it is possible to reach a balanced 
microstructure after 1 hour heat treatment at 1100 ℃ of DED-LB/w parts. 

As presented above, both wire and powder can be used as the feedstock in AM 
of DSS. Generally, the powder has a chemical composition close to the common 
grades of duplex stainless steels, while for wires, almost all studies have been done 
with the standard filler wires designed for welding. These wires are mostly over-
alloyed with austenite-promoting elements to achieve a balanced microstructure. 

One of the main challenges in AM of DSS is minimizing the occurrence of 
defects. Defects like porosity, cracking, and lack of fusion are the main challenges 
in laser cladding [92]. The defects may deteriorate the mechanical properties of 
DED-LB parts since cracks tend to initiate at grain boundaries, inclusions, and 
pores [93]. It, therefore, is of paramount importance to prevent defects during 
laser metal deposition of high-quality components. 
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4 Experimental 

Firstly, laser welding of duplex stainless steels was investigated. Further details 
can be found in Papers A and B. Thereafter, the focus shifted to the production 
of duplex stainless steel components through additive manufacturing using laser 
metal deposition with wire, extensively detailed in Papers C, D, and E. Lastly, the 
investigation delved into the phenomenon of 475°C embrittlement in wire laser 
metal deposition of duplex stainless steel, with further insights provided in Paper 
F. Throughout these studies, microstructure analysis, chemical composition 
evaluation, and mechanical property assessments were employed to understand 
the relation between these and applied thermal cycles. 

4.1 Laser welding 

4.1.1 Base material 

Lean DSS sheets of 1.5 mm thickness FDX 27 (UNS S82031) were used in 
autogenous laser welding and laser reheating. The chemical composition of the 
base material is given in table 3. 

Table 3: Chemical composition of the base material used for laser welding (wt.%). 

 C Si Mn P S Cr Ni Mo Cu N 
FDX 27 0.03 0.42 1.09 0.024 0.001 20 2.8 1.20 0.33 0.186 

4.1.2 Laser welding and laser reheating 

A schematic illustration of welding and reheating passes is shown in Figure 6. An 
IPG Photonics YLR-6000 fiber laser was used for both welding and reheating. 
The welding was carried out with 2700 W laser power and a welding speed of  
30 mm/s. The focal lengths of the collimating lens and focusing lens were  
120 mm and 200 mm, respectively. The fiber diameter was 600 μm, which 
produced a spot size of 1 mm on the plate surface. In reheating, while the optics 
were the same as for welding, the power and the welding speed were 550 W and 
9 mm/s, respectively. In addition, the laser beam focus was positioned 50 mm 
above the surface for reheating passes.  

To investigate the effect of shielding gas on both welding and reheating, either 
pure argon (99.99%) or pure nitrogen (99.99%) was used as both shielding and 
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limitations and the deposited product often needs significant final machining [90]. 
Implementation of a laser beam instead of an electric arc as the power source has 
the advantage that dimensional control can be improved, while it also preserves a 
high deposition rate [12], [91]. 
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pores [93]. It, therefore, is of paramount importance to prevent defects during 
laser metal deposition of high-quality components. 
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4 Experimental 
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backing gas for welding and reheating. In the trailing shielding, the shielding gas 
was maintained behind the laser and protected the weld metal until it cooled down 
below approximately 100 ℃. The thermal cycles of welding and reheating passes 
were recorded by a thermocouple located on the backside of the sheet, 
approximately 1.5 mm from the fusion zone. The four welded samples were 
denoted as follows:  

1. Ar-as-welded: Argon-shielded laser welding 
2. N2-as-welded: Nitrogen-shielded laser welding  
3. Ar-reheated: Argon-shielded laser welding followed by argon-shielded 

laser reheating 
4. N2-reheated: Nitrogen-shielded welding followed by nitrogen-shielded 

laser reheating 

 
Figure 6: Schematic illustration and photo of the laser welding set-up and 

configuration of shielding and backing gas protection. (Paper A, with permission) 
 

4.2 Directed energy deposition using laser beam 
and wire 

4.2.1 Base material, wires and shielding gas 

The 10-mm thick standard duplex stainless steel type 2205 (UNS S32205) was 
used as substrate material for the additive manufacturing of DSS. The feedstock 
was a solid wire duplex stainless steel of type 2209 (EN ISO 14343-A: G 22 9 3 
N L) in 1.2 mm diameter. Two different batches with slightly different chemical 
compositions were used for deposition. Table 4 presents the chemical 
composition of the substrate and the wires as given by the material producer 
certificates. The shielding gas used during DED-LB/w was pure (99.99%) argon. 
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Table 4: Chemical composition of the substrate and wires (wt.%). 

 C Si Mn P S Cr Ni Mo Cu N 
Substrate 0.016 0.32 1.77 0.027 <0.001 22.77 5.50 3.07 0.21 0.18 
Wire- B1 0.016 0.45 1.45 0.016 0.001 23.23 8.62 3.29 0.04 0.16 
Wire- B2 0.013 0.52 1.48 0.018 0.001 23.50 8.35 3.40 0.08 0.14 

4.2.2 Directed energy deposition setup 

A picture of the Directed Energ Deposition using a Laser Beam and Wire 
feedstock (DED-LB/w), also called Laser Metal Deposition with Wire (LMDw), 
setup [87] is shown in Figure 7. It includes a 6kW Ytterbium-doped fiber laser, a 
6-axis robot, a deposition tool with laser optics, a wire feeder, a control system, 
and actuators. The laser was used out-of-focus during deposition with a spot size 
of approximately 3.2 mm and a Gaussian beam power distribution. The wire feed 
angle was 18.6and the overlap between adjacent beads in each layer was around 
60%. A programmable logic control (PLC) was used to control the deposition 
during the fabrication of components. The wire feed system was also equipped 
with hot-wire technology, in which an electrical current is used to resistively pre-
heat the wire and thereby facilitating to increase the deposition rate. An electrical 
power source regulated the current and the voltage for pre-heating and was 
controlled by online monitoring. The hot-wire control system aims at maintaining 
a specific resistance to ensure a stable metal transfer, good wettability, and 
dimensional control. 

 
Figure 7: Direct Energy Depsotion using a Laser Beam and Wire feedstock         

(DED-LB/w) setup (After Ref [87]). 
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4.2.3 Four-stage methodology 

By extending AM processes beyond rapid prototyping into manufacturing of final 
products, manufacturing constraints should be less severe and design freedom 
could be expanded [94]. A four-stages methodology, therefore, was developed to 
produce a cylinder, aimed for an industrial application, by DED-LB/w. 

An outline, which demonstrates how the volume of deposited material and 
geometrical complexity increases through the stages, is shown in Figure 8. The 
aim, approach, and evaluation of each stage are described in Tables 5 and 6. 

Table 5: Aim and approach of each stage in the four-stage methodology. 
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 Aim: Finding a process window giving a stable process in single bead 
deposition. 
Approach: Systematic testing of combinations of parameters such as power, 
travel speed, wire feed rate, wire pre-heating, etc. 

Si
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Aim: Finding a process window giving a stable process a single bead wall 
deposition, control of the geometry, and avoiding imperfections. 
Approach: Systematic testing of combinations of setting of control system 
parameters process parameters such as power, travel speed, wire feed rate, wire 
pre-heating, and step size of around 0.5 mm between layers. 

B
lo

ck
 

Aim: Applying learnings from previous stages to the production of a block to 
find a process window and control settings giving a stable process, control of 
the geometry, and avoiding imperfections. 
Approach: Systematic testing of combinations of setting of control system 
parameters process parameters such as power, travel speed, wire feed rate, wire 
pre-heating based on learnings from previous stages. 

C
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Aim: Verification of developed deposition procedure by production of a full-
size near-net-shape component in the shape of a cylinder with 160 mm inner 
diameter, 60 mm thickness, and height of 140 mm. 
Approach: Systematic testing of combinations of setting of control system 
parameters process parameters such as power, travel speed, wire feed rate, wire 
pre-heating based on learnings from the stage. 

 

  
Figure 8: The four-stage methodology applied to the production of a duplex stainless 

steel near-net-shape component by DED-LB/w. (Paper C, with permission) 
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Table 6: Evaluations in each stage in the four-stage methodology. 
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Process stability * * * * 
Bead shape & geometry * * * * 
Inspection for lack of fusion, porosity, and inclusions  * * * 
Post-production homogenization heat treatment   * * 

Chemical analysis 
Nitrogen measurement * * * * 
Full chemical analysis   * * 
Alloying element distribution    * 

Microstructure characterization & study phase balance * * * * 
Mechanical testing: strength & toughness   * * 
Electrochemiacal pitting corrosion testing    * 
475ºC embrittlement    * 

4.2.4 Post heat treatment 

The additively manufactured components were investigated in as-deposited (AD) 
and heat-treated (HT) conditions. The heat treatment was done in a furnace 
equipped with a thermocouple to control the heat treatment temperature. Heat 
treatment was performed for 1 hour after reaching 1100 ºC in an air atmosphere 
and then cooled by water quenching. The heat treatment procedure was selected 
to achieve a balanced content of ferrite and austenite [95], dissolution of nitrides, 
and avoiding sigma phase formation. 

4.2.5 Aging heat treatment 

To investigate the 475°C embrittlement in the DED-LB/w cylinder, both the 
2209- DED-LB/w-cylinder and 2205-BM samples underwent isothermal aging at 
400°C for durations of 10, 50, 200, and 1000 hours in ambient atmosphere, 
followed by air cooling. The choice of the aging temperature at 400°C was based 
on prior research conducted at this temperature. This facilitates a meaningful 
comparison of the performance between additively manufactured DED-LB/w 
cylinder and those produced using conventional fabrication methods [96], [97]. 
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Table 6: Evaluations in each stage in the four-stage methodology. 
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4.2.4 Post heat treatment 

The additively manufactured components were investigated in as-deposited (AD) 
and heat-treated (HT) conditions. The heat treatment was done in a furnace 
equipped with a thermocouple to control the heat treatment temperature. Heat 
treatment was performed for 1 hour after reaching 1100 ºC in an air atmosphere 
and then cooled by water quenching. The heat treatment procedure was selected 
to achieve a balanced content of ferrite and austenite [95], dissolution of nitrides, 
and avoiding sigma phase formation. 

4.2.5 Aging heat treatment 

To investigate the 475°C embrittlement in the DED-LB/w cylinder, both the 
2209- DED-LB/w-cylinder and 2205-BM samples underwent isothermal aging at 
400°C for durations of 10, 50, 200, and 1000 hours in ambient atmosphere, 
followed by air cooling. The choice of the aging temperature at 400°C was based 
on prior research conducted at this temperature. This facilitates a meaningful 
comparison of the performance between additively manufactured DED-LB/w 
cylinder and those produced using conventional fabrication methods [96], [97]. 
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4.2.6 Extraction of test samples 

For both additively manufactured block and cylinder, samples for microscopy, 
chemical analysis, and mechanical testing were extracted from different regions 
and directions to study homogeneity and isotropy of the as-deposited (AD) and 
heat-treated (HT) DED-LB/w components. Schematic illustrations of samples 
extracted for metallographic inspection, chemical composition analysis, and 
mechanical testing are shown in Figure 9. 

 
Figure 9: Extracted specimens from the DED-LB/w block and cylinder. Orientation of 

samples through the deposition and build directions. (Paper D, with permission) 

4.3 Microstructure characterization 

4.3.1 Sample preparation 

Figure 10 illustrates the sample preparation for both the laser welded and the 
additively manufactured DED-LB/w samples. As shown, the samples were 
prepared by first cutting and then grinding from 320# to 2500#. After that, the 
samples followed two different polishing routes: (i) mechanical polishing (MP) 
and (ii) electrolytic polishing (EP). 

For mechanical polishing, 9 µm and 3 µm diamond suspensions were used 
followed by 0.05 µm alumina suspension polishing. The polishing time was 5 
minutes for each step. The applied load and the diameter of mounting were 25 N 
and 30 mm, respectively.  
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Figure 10: Mechanical and electrolytic polishing sample preparation routes for light 

optical microscopy and electron backscattered diffraction analysis of the base 
material, laser welded, and additively manufactured samples. 

For laser welded specimens, both polished and etched samples produced to study 
the influence of sample preparation on the phase analysis with optical and SEM-
EBSD. Different combinations of Beraha reagent compositions and etching times 
were applied to investigate the effect of the etching procedure on martensite 
characterization: 

a) 60 mL water, 30 mL HCl, 0.9 g potassium metabisulfite for 8-10 s 
b) 60 mL water, 30 mL HCl, 0.85 g potassium metabisulfite for 10-12 s 
c) 60 mL water, 30 mL HCl, 0.8 g potassium metabisulfite for 12-15 s 
d) 60 mL water, 30 mL HCl, 0.6 g potassium metabisulfite for 10-12 s 

In all experiments, the etching was done immediately (less than 10 s) after 
mechanical polishing to suppress oxide formation on the surface. 

For electrolytic polishing also called “electropolishing”, a set-up according to 
Figure 11 was employed. An electrolyte solution consisting of 150 g citric acid, 
300 g distilled water, 600 mL H3PO4, and 450 mL H2SO4 was used. This solution 
was selected as it is less hazardous than conventional electropolishing solutions 
containing perchloric acid where there is a risk of explosion if not handled 
correctly [98], [99]. The electrolytic polishing was performed for 25 s at a voltage 
and a current density of 15 V and 1 A/cm2, respectively. To avoid pitting 
corrosion during electrolytic polishing, the electrolyte was cooled by an ice bath 
to allow polishing at around 0 ºC. It was found beneficial to lightly shake the 
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sample while polishing to ensure continuous refreshment of the solution at the 
sample surface. 

 
Figure 11: Electrolytic polishing procedure set-up. The counter electrode and the 

sample were negative and positive, respectively. (Paper B, with permission) 

For additively manufactured samples by DED-LB/w, cross-sections of the single-
bead pass, single-bead wall, block, and cylinder were similarly mounted, ground, 
and polished down to 0.05-μm using alumina suspension in the last step. The 
polished samples were etched with two different reagents:  

(i) Color etching with modified Beraha reagent (60 ml water, 30 ml HCl, 
0.7 g potassium metabisulfite(K2S2O5)) for 12 s, and  

(ii) Electrolytic etching using oxalic acid with a voltage of 4 V for 10 s. 

The latter etching method was also employed to reveal areas susceptible to local 
corrosion attacks [100]. For EBSD and EDS analysis, cross-sections after grinding 
were electropolished with the mentioned method. 

4.3.2 Optical microscopy 

A Zeiss Axio Imager.M2m optical microscope was used to study the 
microstructures. For laser welded samples, as shown in Figure 10, the 
mechanically polished and etched samples and the electrolytically polished 
samples were studied. For additively manufactured samples, microstructures in 
as-deposited and heat-treated conditions, after etching with either Beraha or 
oxalic acid, were studied. 

Phase fraction measurements were performed by image analysis (IA) via the open-
access ImageJ software. In IA the contents of each phase are estimated by pixel 
counting. The accuracy, therefore, depends on the etching procedure and the 
quality of LOM images.  
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4.3.3 Scaning electeron microscopy 

SEM-EBSD analysis was performed with a ZEISS Gemini SEM 450 equipped 
with a Symmetry S2 EBSD detector from Oxford Instruments. For both the laser 
welded and additively manufactured DED-LB/w samples, the acceleration 
voltage and sample tilt angle were 20 kV and 70°, respectively. The working 
distance and step size of all EBSD analyses are presented in Table 7. The 
AZtecCrystal 1.1 software from Oxford Instruments was used to analyze the 
EBSD results. 

Table 7: SEM-EBSD analysis parameters. 

Samples Working distance 
(mm) 

Step size 
(μm) 

Mechanically polished laser welded 10 0.48 
Electrolytically polished laser welded 10 0.63 
DED-LB/w block, as-deposited 8.5 0.5 
DED-LB/w block, heat-treated 8.5 0.7 

Moreover, energy dispersive spectroscopy (EDS) in the SEM was used for 
compositional analysis. The electron beam energy was 18 keV, and the probe 
current was 1.2 nA. The contents of alloying elements were measured in 
both ferrite and austenite in the AD and HT conditions via map and point 
analysis. 

4.3.4 Atom probe tomography 

The DED-LB/w aged treated samples at 400 ºC were analyzed by the atom probe 
tomography (APT) technique. The APT involved extracting 0.3 x 0.3 x 15 mm3 
rods from the ferritic area of DED-LB/w components through high precision 
cutting. These rods were then subjected to a two-stage electro-polishing process 
at 22V, using specific electrolytes. The APT was done by a pulse fraction of 20% 
and a temperature of 70K on needle-shaped specimens. The analysis was 
conducted using a local electrode atom probe, LEAP 6000 XR (Cameca), and the 
software AP Suite 3.1 was utilized for data reconstruction and analysis. 

To prepare the three-dimensional (3D) iso-concentration surfaces, thresholds of 
63 at.%, 31 at.%, and 20 at.% were applied for defining the Fe-rich, Cr-rich, and 
Ni-Mn-Si-rich volumes, respectively. 
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as-deposited and heat-treated conditions, after etching with either Beraha or 
oxalic acid, were studied. 

Phase fraction measurements were performed by image analysis (IA) via the open-
access ImageJ software. In IA the contents of each phase are estimated by pixel 
counting. The accuracy, therefore, depends on the etching procedure and the 
quality of LOM images.  
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4.3.3 Scaning electeron microscopy 

SEM-EBSD analysis was performed with a ZEISS Gemini SEM 450 equipped 
with a Symmetry S2 EBSD detector from Oxford Instruments. For both the laser 
welded and additively manufactured DED-LB/w samples, the acceleration 
voltage and sample tilt angle were 20 kV and 70°, respectively. The working 
distance and step size of all EBSD analyses are presented in Table 7. The 
AZtecCrystal 1.1 software from Oxford Instruments was used to analyze the 
EBSD results. 

Table 7: SEM-EBSD analysis parameters. 

Samples Working distance 
(mm) 

Step size 
(μm) 

Mechanically polished laser welded 10 0.48 
Electrolytically polished laser welded 10 0.63 
DED-LB/w block, as-deposited 8.5 0.5 
DED-LB/w block, heat-treated 8.5 0.7 

Moreover, energy dispersive spectroscopy (EDS) in the SEM was used for 
compositional analysis. The electron beam energy was 18 keV, and the probe 
current was 1.2 nA. The contents of alloying elements were measured in 
both ferrite and austenite in the AD and HT conditions via map and point 
analysis. 

4.3.4 Atom probe tomography 

The DED-LB/w aged treated samples at 400 ºC were analyzed by the atom probe 
tomography (APT) technique. The APT involved extracting 0.3 x 0.3 x 15 mm3 
rods from the ferritic area of DED-LB/w components through high precision 
cutting. These rods were then subjected to a two-stage electro-polishing process 
at 22V, using specific electrolytes. The APT was done by a pulse fraction of 20% 
and a temperature of 70K on needle-shaped specimens. The analysis was 
conducted using a local electrode atom probe, LEAP 6000 XR (Cameca), and the 
software AP Suite 3.1 was utilized for data reconstruction and analysis. 

To prepare the three-dimensional (3D) iso-concentration surfaces, thresholds of 
63 at.%, 31 at.%, and 20 at.% were applied for defining the Fe-rich, Cr-rich, and 
Ni-Mn-Si-rich volumes, respectively. 
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4.4 Chemical composition analysis 
The chemical compositions of the additively manufactured block and cylinder in 
both AD and HT conditions were analyzed. 

For the block, chemical analyses were performed at the bottom, middle, and top 
by optical emission spectrometry (OES). For each location, two points were 
selected and the OES analysis was done three times in each point. The results are 
presented as the average of the six analyses in each location. Nitrogen content 
was measured by combustion analysis using a LECO TC-436 analyzer. The 
LECO tests were done in four different regions from bottom to top of the block 
cross-sections. The location for each test is illustrated in Figure 12. 

 

Figure 12: Extraction of samples from the block and cylinder for chemical analysis.  

For the cylinder, in addition to chemical analysis by OES, nitrogen content was 
measured by combustion analysis using a Bruker G8 GALILEO analyzer. 
Nitrogen measurements were performed for both as-deposited and heat-treated 
conditions. Both OES and chemical analysis using the combustion technique 
were done in two regions, close to the inner surface and near the outer surface, 
of the cylinder as shown in Figure 12. 

4.5 Mechanical properties  
For evaluation of mechanical properties of the DED-LB/w block and cylinder, 
tensile and impact toughness tests were performed on samples machined from 
the block and the cylinder in AD and HT conditions. The tensile tests were 
performed at room temperature according to EN ISO 6892-1. For the block, four 
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tensile samples were extracted only parallel to the deposition direction while for 
the cylinder, three samples were machined both parallel and perpendicular to the 
deposition directions. The impact testing was done at -10°C according to EN ISO 
148-1 with full size 10x10 mm specimens and a V-notch. For both block and 
cylinder, impact test specimens were extracted parallel and perpendicular to the 
deposition directions. The specimens perpendicular to the deposition direction 
had the notch perpendicular to the build direction, while those parallel to the 
deposition direction had the notch aligned parallel to the build direction. The 
results are presented as the average of two and four tested samples for the block 
and cylinder, respectively. The dimensions of test samples are shown in Figure 
13. 

 

Figure 13: Test piece configuration of (a) tensile test, and (b) Charpy impact test. 
(Paper D, with permission) 

4.6 Electrochemical pitting corrosion testing 
To evaluate pitting corrosion resistance, three distinct samples were extracted 
perpendicular to the build direction of the DED-LB/w cylinder in both the AD 
and HT conditions, as depicted in Figure 14. 

i. OS-AD: The outer surface of the cylinder, exhibiting primarily the as-
deposited (non-reheated) microstructure. 

ii. B-AD: The bulk of the cylinder with a reheated as-deposited microstructure. 
iii. HT: The cylinder with a microstructure that has undergone post-build heat 

treatment for 1 hour at 1100ºC. 

The samples did not have any noticeable defects such as pores and lack of fusion. 
Copper wires were spot-welded to the samples for electrical contact. The testing 
surfaces were then carefully polished to a 4000-grit finish and rinsed with ethanol 
and distilled water. Two different electrochemical tests were performed: cyclic 
potentiodynamic polarization (CPP) according to ASTM G61 [101], and critical 
pitting temperature (CPT) according to ASTM G150 [102]. 
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Figure 14: Schematic of sample extraction from DED-LB/w DSS for corrosion test: (i) 
Cylinder outer surface with primarily as-deposited (non-reheated) microstructure (OS-

AD); (ii) cylinder bulk with reheated as-deposited microstructure (B-AD); and (iii) 
cylinder with post build heat-treated microstructure (HT). (Paper E, with permission) 

The CPP test was conducted in a 1.0 M NaCl solution with a specialized 
electrochemical cell setup including an Ag/AgCl-4MKCl reference electrode and 
a Pt-coated Ti mesh as the counter electrode. Testing occurred at room 
temperature and elevated temperature of 50±2 ºC. The CPP test setup as 
illustrated in Figure 15-a involved employing a Gamry Instruments potentiostat 
with a potential scan rate of 0.167 mV/s, commencing from -0.2 V below the 
open circuit potential (EOC). Upon reaching a current density of 0.1 mA/cm², the 
scan direction was reversed, and the potential was adjusted to -0.2 V below the 
EOC. Prior to measurements, the samples were subjected to the open-circuit 
potential for 30 minutes or until EOC stability was attained. Subsequently, the CPP 
curve data were adjusted to precisely reflect the sample area. 

The CPT measurements were conducted using a closed, double-walled 
electrochemical cell, as depicted in Figure 15-b. The cell configuration consisted 
of an Ag/AgCl-4MKCl reference electrode (Accumet), a Pt-coated Ti mesh 
serving as the counter electrode, and the test sample acting as the working 
electrode. Additionally, a Tempco Pt RTD probe was inserted in close proximity 
to the sample surface. This entire setup was enclosed within a double-walled cell. 
Temperature control was achieved by connecting the cell to a PolyScience 
advanced programmable water heater and circulator, allowing for a gradual 
increase in solution temperature from 30 to 100°C at a rate of approximately 
1°C/min. A potentiostat was employed to maintain a potentiostatic hold at 750 
mV relative to the reference electrode potential (Eref). Before initiating the 
potentiostatic hold, the samples were allowed to sit at the open circuit potential 
for 100 seconds. The CPT was determined by monitoring the temperature 
recorded by the thermocouple until a current density value of 100 µA/cm² was 
achieved. After the CPT testing, optical microscopy was employed to observe 
pitting behaviour of samples before and after etching etching with 10% oxalic 
acid. 
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Figure 15: a) 5-port electrochemical cell setup for cyclic potentiodynamic polarization 
(CPP) measurements; and b) double-wall cell setup for critical pitting temperature 

(CPT) measurements. (Paper E, with permission) 

4.7 Thermodynamic and kinetic calculations 
Thermodynamic and kinetic calculations were performed using the Calculation of 
Phase Diagrams (CALPHAD) method. Two different calculations were done 
with the commercial software tool Thermo-Calc version 8.5.1.0017 with the 
TCFE10 database (Thermo-Calc Software, Stockholm, Sweden):  

(i) The equilibrium ferrite and austenite fractions at 1100 ℃ were calculated by 
Thermo-Calc for nitrogen contents from 0 to 0.2 wt.%. In addition, equilibrium 
phase diagrams with various compositions were calculated by Thermo-Calc to 
understand the effect of alloying element contents on phase balance. 

(ii) After fully ferritic solidification of the DSS, there is a partial transformation of 
ferrite into austenite during the cooling process. To estimate the chemical 
composition of both ferrite and austenite in DED-LB/w process, the ferrite and 
austenite phase boundary were simulated using a diffusion calculation in DICTRA 
(an add-on module to Thermo-Calc software) with the MOBFE5 database. The 
following initial conditions were assumed/defined for this calculation: 

⁃ Only the main alloying elements (Fe, 23.5% Cr, 8.3% Ni, 3.3% Mo, and 
0.11% N, all wt.%) were considered in the calculation. 
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composition of both ferrite and austenite in DED-LB/w process, the ferrite and 
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⁃ Based on the equilibrium phase diagram calculated in Thermo-Calc (Fig. 
16-a), the calculation started from a fully ferritic microstructure at 
1400°C. During cooling to 1000°C in 0.5s the austenite phase forms at 
the ferrite grain boundary. 

⁃ Based on optical micrographs, the width of the ferrite was assumed to be 
10 μm and austenite starts to form with a planar interface from the left 
side of the ferrite (Fig. 16-b). 

(iii) The composition of the ferrite and austenite phases after 1 hour heat 
treatment at 1100°C was calculated to evaluate the partitioning of alloying 
elements. The initial alloying element contents used for this calculation were 
measured by OES analysis and the nitrogen content was measured by combustion 
analysis presented in Paper C. 

 

Figure 16: a) Equilibrium phase diagram for DSS composition (Table 2) as calculated 
by Thermo-Calc software, and b) schematic of setup for simulation of ferrite to 

austenite transformation in DICTRA. (Paper E, with permission)
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5 Results 

In this chapter, firstly the results of microstructure characterization and laser 
welding of lean duplex stainless steels are presented in 5.1 and 5.2, respectively. 
Further details about these studies can be found in Papers A and B. Thereafter, 
methodology and results of additive manufacturing by directed energy deposition 
with standard duplex stainless steel wire are shown in 5.3 with more details in 
Papers C, D, and E. In the latter part of this section, the results concerned the 
age hardening of duplex stainless steel fabricated via laser metal deposition with 
wire. More in-depth information are available in Paper F. 

5.1 Microstructure characterization  
In this section, results of light optical microscopy (LOM) and electron backscatter 
diffraction (EBSD) investigations of mechanically and electrolytically polished 
samples are presented. Firstly, the effect of sample preparation on phase analysis 
and martensite formation in TRIP-duplex stainless steel is illustrated. Then, it is 
shown how either mechanical polishing (MP) or electrolytic polishing (EP) can 
be used to prepare high-quality samples for phase characterization with LOM and 
EBSD. This is followed by the introduction of one LOM and one EBSD 
methodology for martensite identification and quantification in TRIP duplex 
stainless steel. More details can be found in Paper B [103]. 

5.1.1 Influence of sample preparation 

Light optical micrographs of wrought and welded FDX 27 TDSS after mechanical 
or electrolytic polishing are shown in Figure 17. The microstructures after MP 
consist of ferrite, austenite, and martensite while the electropolished 
microstructures have only ferrite and austenite. The ferrite, austenite, and 
martensite fractions are presented in Table 8. 

Table 8: The ferrite, austenite, and martensite fractions in the wrought and welded 
FDX 27 TDSS after mechanical and electrolytic polishing. 

FDX 27 TDSS Polishing methods Phase fractions (%) 
Ferrite  Austenite Martensite 

Wrought 
Mechanical polishing 36±4 38±2 26±4 
Electrolytic polishing 37±4 73±4 none 

Weld 
Mechanical polishing 44±2 38±2 18±3 
Electrolytic polishing 46±5 54±5 none 
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Figure 17: Light optical micrographs of wrought and welded FDX 27 TDSS. a, c) After 
mechanical polishing and etching with Beraha, showing ferrite, austenite, and 

martensite and, b, d) after electrolytic polishing with only ferrite and austenite. (Paper 
B, with permission) 

The EBSD analysis of the welded FDX 27 TDSS samples after either mechanical 
or electrolytic polishing is shown in Figure 18. A comparison of the MP and EP 
samples demonstrated that some small grains were indexed as bcc inside the 
austenite after mechanical polishing, while such grains could not be found in the 
electrolytically polished sample. The small bcc grains seen in Figure 18-c had 
different orientations than the larger surrounding ferrite grain. The big grains were 
therefore interpreted as ferrite and the small as martensite formed inside the 
austenite. 
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Figure 18: EBSD analysis after mechanical polishing (MP) and electrolytic polishing 
(EP) of FDX 27 TDSS welds. There was a significant difference between phase 

fractions indexed as bcc after MP and EP and small bcc grains inside austenite were 
only found after mechanical polishing. a, b) EBSD phase maps, and c, d) inverse pole 

figures (IPF) of bcc phase after MP and EP. (Paper B, with permission) 

5.1.2 Martensite identification/quantification methodologies 

Methodologies for identification and quantification of major phases, with a focus 
on martensite, in a TDSS weld are presented.  

Figure 19 displays two micrographs capturing the same area of the mechanically 
polished weld sample after employing various Beraha etching techniques. It 
should be noted that while these micrographs are from the same location, they 
represent slightly different depths because the sample underwent mechanical re-
polishing to eliminate the influence of the previous etching. It is found that using 
Beraha reagent with the composition of 60 mL water, 30 mL HCl, and 0.6 g 
potassium metabisulfite for 10-12 s produces an etched microstructure with 
clearly distinguishable colors of ferrite, austenite, and martensite, making IA 
possible. 
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Figure 19: Microstructures of FDX 27 TDSS weld after mechanical polishing followed 
by color etching with various Beraha etching procedures to identify martensite. Yellow 
dashed ellipses indicate regions showing the difference between the performance of 

various etchants. a) unable to distinguish ferrite and martensite, b) the clear difference 
in colors of ferrite, austenite, and martensite. (Paper B, with permission) 

A novel EBSD methodology for phase identification and quantification of 
microstructures with both ferrite and martensite is introduced in Figure 20. 
Differentiating between ferrite and low carbon bct-martensite phases is difficult 
with EBSD. This is due to the low degree of tetragonality of the martensite 
making the difference between the two lattice structures less than the EBSD 
indexing capability. However, ferrite and martensite can in TDSS welds be 
separated based on their grain size and grain orientation. The methodology is 
explained using an EBSD phase map of a microstructure with ferrite, austenite, 
and martensite from the location studied by LOM in Figure 19. The steps are 
presented below and illustrated in Figure 18.  In this process (Figure 20): 

a) An EBSD IPF phase map is produced, showing fcc austenite (γ) in blue and 
bcc ferrite (δ) and martensite (α´) in red. Unindexed points (6.6%) are in 
black. 

b) An EBSD IPF map highlights only the bcc phase, revealing two groups: 
larger grains representing primary ferrite and smaller grains within the fcc 
phase (austenite), identified as martensite due to location and different 
orientation. 

c) Large bcc grains (ferrite) are selected based on size and orientation. 
d) The remaining small bcc grains are defined as α´-martensite using 

AZtecCrystal software. 
e) Large bcc grains are confirmed as ferrite. 
f) Finally, phases are color-coded: ferrite, austenite, and martensite as red, blue, 

and yellow, respectively. AZtecCrystal software quantifies phase fractions: 
48.7% ferrite, 31.5% austenite, and 13.2% martensite, with 6.6% unindexed 
points (black) remaining unchanged. 
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Figure 20: EBSD methodology for martensite identification. a) EBSD phase map with 
bcc (ferrite and martensite), fcc (austenite), and unindexed points (black), b) EBSD 
IPF map of bcc phase with big grains representative of primary solidified ferrite and 

small grains inside the austenite which are strain-induced martensite, c) big bcc 
grains (ferrite) are selected and removed, d) remaining small ferrite grains are the α´-
martensite phase, e) large bcc grains are ferrite, and f) EBSD phase map containing 
ferrite (red), austenite (blue), and martensite (yellow) can now be shown as separate 

phases. The unindexed black points (6.6%) remain unchanged. (Paper B, with 
permission) 
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Figure 19: Microstructures of FDX 27 TDSS weld after mechanical polishing followed 
by color etching with various Beraha etching procedures to identify martensite. Yellow 
dashed ellipses indicate regions showing the difference between the performance of 

various etchants. a) unable to distinguish ferrite and martensite, b) the clear difference 
in colors of ferrite, austenite, and martensite. (Paper B, with permission) 
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5.2 Laser welding and reheating of duplex 
stainless steel 

In this section, results about laser welding and laser reheating of lean duplex 
stainless steel are presented. More details can be found in Paper A [104]. 

5.2.1 Microstructure 

Figure 21 shows the cross-sections of the laser welded DSS using pure argon and 
pure nitrogen as shielding and backing gas in as-welded and reheated conditions.  

 

Figure 21:Cross-sections of laser-welded and laser-reheated FDX 27 DSS using pure 
argon or nitrogen as shielding gas. a) Ar-As-welded, b) Ar-reheated, c) N2-as-welded 

and d) N2-reheated. (Paper A, with permission) 

The austenite fractions  of the weld metal (average of nine region) and the entire 
HAZ of the four welds are presented in Figure 22. By changing the shielding gas 
from argon to nitrogen, the austenite fraction of the weld increased from 22% to 
39% in the as-welded condition. Reheating, although it did not affect the austenite 
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fraction in the argon shielded sample noticeably, boosted the austenite fraction to 
57% in the N2-shielded sample. The austenite fraction in the HAZ had a similar 
behavior as in the WM, such that reheating and changing shielding gas from argon 
to nitrogen increased the austenite fraction from 33% in the argon-as-welded 
condition to 59% in the nitrogen-reheated sample. 

 

Figure 22: Austenite fractions of the WM and HAZ after laser welding and reheating of 
FDX 27 DSS with argon or nitrogen as shielding gas. A clear effect of nitrogen 

shielding can be seen both in welding and reheating (Paper A, with permission) 

Higher magnification weld metal micrographs in Figure 23 show nitrides formed 
during welding. The Ar-shielded weld had larger amounts of nitrides while using 
nitrogen as shielding and backing gas mitigated nitride formation. After heat 
treatment, nitrides were dissolved in the N2-reheated sample but were still present 
in the Ar-reheated sample. 

 

Figure 23: High magnification light optical micrographs of weld metal microstructures 
showing nitrides in ferrite and some martensite (red broken arrows) formed in 

austenite as a result of welding induced stresses and/or specimen preparation. a) Ar-
as-welded, b) Ar-reheated, c) N2-as-welded, and d) N2-reheated. Nitrogen shielding 

and laser reheating suppressed nitride formation. (Paper A, with permission) 
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5.2.2 Estimation of nitrogen content 

Measuring the nitrogen content of the weld metal with direct methods was not 
feasible. The extraction of samples with a sufficient volume for LECO analysis 
by drilling was not possible as the weld was very narrow. Nitrogen measurement 
using Wavelength Dispersive X-ray Spectrometry (WDS) would in principle have 
been possible but was not expected to be sufficiently accurate at these low 
nitrogen levels. The nitrogen content of the weld metal was, therefore, estimated 
with an indirect method. In this technique, the as-welded samples were subjected 
to a two-minute heat treatment in vacuum at 1100 ºC in a Gleeble 3800 thermo-
mechanical simulator, to reach a near-equilibrium condition, and immediately 
quenched to avoid significant changes in phase fractions. In the next step, the 
austenite fractions of the heat-treated samples were measured by image analysis 
as illustrated in Figures 24-a and 24-b. Then, the ferrite and austenite fractions for 
nitrogen contents from 0 to 0.2 wt.% at 1100 ºC were calculated by Thermo-Calc. 
In the final step, the nitrogen contents were estimated by comparing the 
calculated equilibrium phase fractions and phase fractions obtained after Gleeble 
heat treatment at 1100°C as shown in Figure 24-c. 

The dark blue dashed line represents the nitrogen content of the BM as given in 
the material producers certificate of 0.186% giving an equilibrium austenite 
fraction computed by Thermo-Calc of about 64%. This is in very good agreement 
with the approximately 64% austenite measured by IA for the BM and thereby 
illustrates the accuracy of the technique for estimation of nitrogen content. The 
nitrogen contents of the samples were estimated to be 0.11 ± 0.01 wt.% for Ar-
as-welded and 0.16 ± 0.01 wt.% for N2-as-welded. This indicated a nitrogen loss 
of around 0.03% in N2-shielded and 0.08% in Ar-shielded welds as compared to 
the BM. 

 

Figure 24: Microstructure of the weld metal in a) Ar-as-welded and b) N2-as-welded 
samples after 2 min Gleeble heat treatment at 1100 ºC. c) Equilibrium austenite and 

ferrite fractions with the variation of nitrogen content at 1100 ºC calculated with 
Thermo-Calc. Weld metal nitrogen contents were estimated by the correlation of 
austenite fractions (46±2 and 58±3) in the Gleeble heat treated samples with the 
equilibrium phase fractions of austenite at 1100 ºC. (Paper A, with permission) 
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5.3 Directed energy deposition of duplex stainless 
steel wire 

In this chapter results about the laser metal deposition of duplex stainless steel 
components are presented. A systematic four-stage methodology was employed 
to produce a cylinder for an industrial application. This included deposition of 
several single bead passes, single bead walls, two blocks, and one cylinder. Their 
microstructure, chemical analysis, mechanical properties, and pitting corrosion 
resistance were studied in as-deposited and heat-treated condition. More details 
can be found in Papers C, D and E. Finally, the results regarding age hardening 
of the cylinder are presented, and more information is available in Paper F. 

5.3.1 Overview 

The laser metal deposited duplex stainless steel parts produced by DED-LB/w in 
the four stages are presented in Figure 25. Visual inspection and light optical 
microscopy of cross-sections of the additively manufactured single bead pass, 
single bead wall, block, or cylinder (Figure 26) showed no signs of lack of fusion 
and only a few very small pores. 

 

 

Figure 25: Fig. 3. Four-stage methodology in DED-LB/w of DSS cylinder increasing 
the deposition volume and complexity to reach the final component. 1st: single bead 
pass (1 bead, 3.5 g), 2nd: single bead wall (10 beads, 35 g), 3rd: block (2.5 kg), and 

4th: cylinder (>20kg). (Paper C, with permission) 
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Figure 26: Cross-sections of single bead pass, single bead wall, block, and cylinder. 
Increase in the number of deposited beads from the 1st stage to the fourth one. 

(Paper C, with permission) 

5.3.2 Microstructure 

5.3.2.1 As-deposited 

In this section, the DSS microstructures after deposition and the microstructures 
reheated by deposition of the following beads and layers are presented.  

The inhomogeneous as-deposited microstructure from the bulk of the outer 
section of the additively manufactured cylinder is presented in Figure 27. Addition 
of layers upon each other and reheating deposited layers caused two dominant 
microstructures: largely ferritic areas with a low fraction of primary austenite, and 
regions with a high fraction of secondary austenite in combination with some 
primary austenite in the ferritic matrix. Moreover, grain boundary austenite was 
mostly orientated along the build direction. 

 
Figure 27: a) Inhomogeneous as-deposited microstructure from the outer surface of 

the cylinder. b) Ferritic areas, and c) regions with a high fraction of secondary 
austenite. (Paper E, with permission) 
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As illustrated in Figure 28, the as-deposited microstructures of 2209 duplex 
stainless steel consist of grain boundary, Widmanstätten, and intragranular 
austenite in a ferritic matrix. In the last deposited bead, all austenite grains are 
primary since they were formed during solidification and have not experienced 
any additional reheating cycles. Although the last deposited beads had highly 
ferritic microstructures, reheating increased austenite fractions considerably. In 
the last deposited bead, the austenite fraction was 16±2% for the block and only 
around 2% for the cylinder found only at ferrite/ferrite grain boundaries. 
Reheating, however, increased the austenite fraction up to 40±4% in the block 
and 33±3% in the cylinder as the result of the growth of grain boundary austenite 
as well as the formation of Widmanstätten and intragranular secondary austenite. 

 

Figure 28: The microstructures of last deposited and the underlying beads in the block 
and cylinder showing ferrite as dark and austenite bright etching phases. Growth of 

primary austenite and formation of secondary austenite are seen in the reheated 
beads. (Paper C, with permission) 

The EBSD phase map of the block in as-deposited condition in Figure 29-a shows 
intergranular, Widmanstätten, and intragranular austenite, accompanied by the 
formation of very fine secondary austenite. The austenite fraction for the analyzed 
area was 32.2%. Inverse pole figures (IPF) of ferrite and austenite are shown in 
Figures 29-b and 29-c, respectively. The ferritic band in the middle of the map 
indicates the approximate location of the boundary between two deposited beads. 
The same orientation of ferrite in the two beads confirms the epitaxial growth of 
solidifying ferrite in DED-LB/w of DSS. As the ferrite grains are elongated in the 
build direction, grain boundary austenite formed along this direction.  
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Figure 26: Cross-sections of single bead pass, single bead wall, block, and cylinder. 
Increase in the number of deposited beads from the 1st stage to the fourth one. 

(Paper C, with permission) 
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Figure 29: EBSD of a region in the center of the AD block. (a) Phase map showing 
ferrite in red and austenite in blue. The ferritic band in the middle of the map shows 
the location of the boundary between two layers. (b)  IPF map of ferrite with three 

ferrite grains showing epitaxial growth from one layer into the next, and (c) IPF map of 
austenite showing primary grain boundary, Widmanstätten, intragranular, and 

secondary austenite. (Paper D, with permission) 

5.3.2.2 Heat-treated at 1100 ºC 

After heat treatment at 1100 ºC for 1 hour the microstructures of the block and 
the cylinder after heat treatment (Figure 30) were homogeneous with relatively 
equal fractions of ferrite and austenite. In this microstructure, grain boundary, 
Widmanstätten, and intragranular austenite are seen in the ferrite matrix. The 
austenite fractions were 51±2% and 50±1% for the heat-treated block and 
cylinder, respectively. Heat treatment caused the growth and coarsening of both 
primary and secondary austenite. 

 
Figure 30: Microstructures of DED-LB/w a) block and b) cylinder after 1 h heat 

treatment at 1100 ℃. Homogeneous distribution and balanced fractions of ferrite and 
austenite. 

As shown in the EBSD phase map in Figure 31-a, after heat treatment the 
austenite fraction was 53.7% for the studied area. The IPF map of ferrite in Figure 
31-b shows two ferrite grains. Both austenite grains at ferrite/ferrite boundaries 
and inside ferrite grains grew during heat treatment. 
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Figure 31: EBSD analysis of block in HT condition. (a) Phase map displaying ferrite 
and austenite in red and blue, respectively. IPF coloring maps of (b) ferrite, and (c) 
austenite. Austenite grains grew during heat treatment. (Paper D, with permission) 

5.3.2.3 Aged heat treated at 400 ºC 

Figure 32 displays the iso-concentration surfaces obtained from the APT analysis 
of the ferrite in DED-LB/w as-deposited samples after aging at 400ºC for 10, 50, 
and 1000 hours. In the visualization, Fe-rich regions are represented in pink, Cr-
rich regions in blue, and Ni-Mn-Si-rich areas in green. 

 

Figure 32: Iso-concentration surfaces illustrating Fe-rich regions (> 63 at. %) in purple, 
Cr-rich regions (> 31 at. %) in blue, and Ni-Mn-Si-rich regions (> 20 at. %) in green for 
depiction of Ni-Mn-Si 20% iso-concentratio after a,b) 10 hours, c,d) 50 hours, and e,f) 

1000 hours of aging at 400ºC. 

5.3.3 Chemical analysis 

As presented in Table 9, nitrogen loss happened during DED-LB/w of duplex 
stainless steel components. However, in both block and cylinder, the nitrogen 
content varies marginally through the deposition in the build direction. Moreover, 
nitrogen content also did not change during subsequent heat treatment. The full 
chemical analysis of the block and cylinder in Table 10 shows that the content of 
other elements did not change significantly during the deposition by DED-LB/w. 
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the cylinder after heat treatment (Figure 30) were homogeneous with relatively 
equal fractions of ferrite and austenite. In this microstructure, grain boundary, 
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austenite fractions were 51±2% and 50±1% for the heat-treated block and 
cylinder, respectively. Heat treatment caused the growth and coarsening of both 
primary and secondary austenite. 

 
Figure 30: Microstructures of DED-LB/w a) block and b) cylinder after 1 h heat 

treatment at 1100 ℃. Homogeneous distribution and balanced fractions of ferrite and 
austenite. 

As shown in the EBSD phase map in Figure 31-a, after heat treatment the 
austenite fraction was 53.7% for the studied area. The IPF map of ferrite in Figure 
31-b shows two ferrite grains. Both austenite grains at ferrite/ferrite boundaries 
and inside ferrite grains grew during heat treatment. 

RESULTS  

45 
 

 
Figure 31: EBSD analysis of block in HT condition. (a) Phase map displaying ferrite 
and austenite in red and blue, respectively. IPF coloring maps of (b) ferrite, and (c) 
austenite. Austenite grains grew during heat treatment. (Paper D, with permission) 

5.3.2.3 Aged heat treated at 400 ºC 

Figure 32 displays the iso-concentration surfaces obtained from the APT analysis 
of the ferrite in DED-LB/w as-deposited samples after aging at 400ºC for 10, 50, 
and 1000 hours. In the visualization, Fe-rich regions are represented in pink, Cr-
rich regions in blue, and Ni-Mn-Si-rich areas in green. 

 

Figure 32: Iso-concentration surfaces illustrating Fe-rich regions (> 63 at. %) in purple, 
Cr-rich regions (> 31 at. %) in blue, and Ni-Mn-Si-rich regions (> 20 at. %) in green for 
depiction of Ni-Mn-Si 20% iso-concentratio after a,b) 10 hours, c,d) 50 hours, and e,f) 

1000 hours of aging at 400ºC. 

5.3.3 Chemical analysis 

As presented in Table 9, nitrogen loss happened during DED-LB/w of duplex 
stainless steel components. However, in both block and cylinder, the nitrogen 
content varies marginally through the deposition in the build direction. Moreover, 
nitrogen content also did not change during subsequent heat treatment. The full 
chemical analysis of the block and cylinder in Table 10 shows that the content of 
other elements did not change significantly during the deposition by DED-LB/w. 
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Table 9: Nitrogen measurement (wt.%) of DED-LB/w components by combustion 
analysis. 

Component Location As-Deposited  Heat-Treated 

Block 
Bottom 0.12 0.12 
Middle 0.11 0.12 

Top 0.11 0.11 

Cylinder 
Inner 0.10 0.11 
Outer 0.11 0.11 

 

Table 10: Chemical composition (wt.%) of the additively manufactured components 
analyzed by optical emission spectrometry (OES). 

 C Si Mn P S Cr Ni Mo Cu V 
Block 0.022 0.45 1.46 0.016 0.002 23.22 8.48 3.17 0.04 0.08 

Cylinder 0.014 0.48 1.42 0.018 <0.002 23.54 8.30 3.32 0.06 0.05 
 

To investigate the partitioning of alloying elements in ferrite and austenite, the 
chemical composition of each of these phases were examined. Figure 33 presents 
BSE-SEM images and EDS maps of ferrite and austenite in AD and HT 
conditions. In these maps, the ferrite phase is located on the right side, while the 
austenite phase is on the left. In AD, the EDS analysis reveals that the content of 
substitutional alloying elements (Cr, Mo, and Ni), are quite similar in both the 
ferrite and austenite phases. However, nitrogen is slightly more concentrated in 
the austenite phase. Following heat treatment, however, there is a noticeable 
redistribution of substitutional alloying elements toward the equilibrium 
condition. Therefore, Cr and Mo become enriched in the ferrite phase, while Ni 
becomes enriched in the austenite phase. 
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Figure 33: BSE images and SEM-EDS maps of DED-LB/w DSS cylinder: a) in as-

deposited condition, and b) after heat treatment. The high cooling rate of DED-LB/w 
suppresses the diffusion of substitutional elements (Cr, Mo, Ni). Only the N content is 

different in the as-deposited austenite and ferrite phase. Heat treatment (1 h at 
1100°C) provided enough time at elevated temperatures for element distribution in 

ferrite and austenite toward equilibrium composition. (Paper E, with permission) 

The data obtained from EDS point analysis, presented in Table 11, reiterates the 
results observed in the maps. In the AD condition, the ferrite and austenite 
compositions are quite similar. It is important to note that EDS is generally a 
qualitative and semi-quantitative measurement technique, and quantifying 
nitrogen accurately through EDS is challenging due to its low atomic number. 
Therefore, the nitrogen values provided in Table 11 serve as an indication that 
the nitrogen level is higher in the austenite phase compared to the ferrite phase. 
In the heat-treated condition, there is a clear concentration of Cr and Mo in the 
ferrite phase, while Ni and N are enriched in the austenite phase. 

Table 11: Composition of the ferrite and austenite phase from SEM/EDS point 
analysis. Values are given as averages from two separate measurements.  

(*) Note that quantification of N is not possible from EDS data; values are given only 
as an indication that N content is higher in austenite compared to ferrite. 

  Cr Ni Mo Mn N* 

As-Deposited 
Ferrite 24.4 8.3 3.4 1.4 0.0 

Austenite 24.2 8.4 3.4 1.4 0.1 

Heat-Treated Ferrite 26.6 6.4 4.2 1.4 0.0 
Austenite 21.5 10.5 2.6 1.6 0.2 
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5.3.4 Mechanical properties 

5.3.4.1 Tensile testing 

Heat treatment decreased the yield and ultimate tensile strength, while it increased 
elongation for both block and cylinder (Table 12). In addition, specimens oriented 
parallel to and perpendicular to the deposition direction of the cylinder 
demonstrated a similar tensile behavior. Notably, the specimens perpendicular to 
the deposition direction are also perpendicular to the build direction. 

Table 12: Tensile test results of samples extracted from the block and cylinder in as-
deposited and heat-treated conditions. 

 Condition 
Orientation to 

deposition 
direction 

# 
Yield 

Strength 
(MPa) 

Ultimate 
Tensile 

Strength (MPa) 

A5 
(%) 

Bl
oc

k 

As-
Deposited 

Parallel 

S1 705 853 25 
S2 697 846 26 
S3 722 854 25 
S4 702 853 28 

Heat 
Treated 

S5 481 751 35 
S6 489 752 35 
S7 486 753 34 
S8 493 756 33 

Cy
lin

de
r 

As-
Deposited 

 

Perpendicular 
S9 765 865 24 
S10 740 854 20 
S11 742 855 22 

Parallel 
S12 735 830 20 
S13 735 832 20 
S14 709 837 22 

Heat 
Treated 

Perpendicular 
S15 515 742 32 
S16 479 751 34 
S17 502 742 30 

Parallel 
S18 498 756 33 
S19 556 756 34 
S20 530 763 35 

 
5.3.4.2 Impact toughness testing  

For both block and cylinder, the heat-treated specimens had higher impact 
toughness energies compared to in the as-deposited condition (Figure 34). In 
addition, in both block and cylinder, the samples with a notch perpendicular to 
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the build direction had higher impact toughness energies in as-deposited and heat-
treated conditions. 

 
Figure 34: The impact toughness testing of DSS block and cylinder. Samples with 

notch parallel and perpendicular to build direction. (Paper C, with permission) 

5.3.5 Fractography 

Cross-sections of the fracture surface of the specimens with the parallel and 
perpendicular notch to the build direction of the blocks for impact toughness 
testing in as-deposited and heat-treated conditions are illustrated in Figure 35. In 
samples with the notch parallel to the build direction, there were several deposited 
layers along the path of the crack growth, while in the samples with the notch 
perpendicular to the build direction, the crack growth path was in one or two 
layers. It can be seen that, in samples with the notch perpendicular to the build 
direction in both as-deposited and heat-treated conditions, the crack was changing 
direction when encountering grain boundary austenite. 

 
Figure 35: Cross-sections of impact toughness testing specimens with the notch 

parallel or perpendicular to the deposition direction. In samples with perpendicular 
notch to build direction, crack path changed at grain boundary austenite. (Paper D, 

with permission) 
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5.3.6 Sensitization 
Figure 36-a illustrates the microstructure of blocks after electrolytic etching with 
oxalic acid to reveal sensitization of the boundary region of two deposited layers 
for the block in as-deposited condition. The microstructure in the more heavily 
etched regions is expected to be more susceptible to local corrosion attack. It 
suggests that the regions containing nitrides and/or secondary austenite clusters 
are the most sensitized areas. In HT condition as shown in Figure 36-b, however, 
there were no indications of sensitization. 

 
Figure 36: (a) Microstructure of as-deposited block after etching with oxalic acid to 
reveal sensitization. Heavy etching at nitrides and secondary austenite suggesting 
sensitization. (b) Microstructure of heat-treated condition without any indication of 

sensitization. (Paper D, with permission) 

 

The microstructure of the DED-LB/w cylinder after electrolytic etching with 
oxalic acid in as-deposited condition is presented in Figure 37. In ferritic regions, 
clusters of small black precipitates can be observed which are interpreted as 
chromium nitrides [66], [105], [106]. Adjacent to the grain boundary austenite, 
there are regions free from nitrides. Moreover, both nitrides and secondary 
austenite tend to form in regions with a larger austenite spacing. 
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Figure 37: Microstructures of the as-deposited cylinder electrolytically etched with 
oxalic acid. a) Nitride formation in ferritic areas and absence of nitrides close to 

austenite grains. b) Formation of either nitrides or secondary austenite in areas with 
relatively larger austenite spacing. (Paper E, with permission) 

5.3.7 Electrochemical pitting corrosion testing 

5.3.7.1 Cyclic potentiodynamic polarization (CPP) 

Figure 38 shows CPP curves for three different DED-LB/w DSS samples (OS-
AD, B-AD, and HT) tested in a 1.0 M NaCl solution at room temperature and 
elevated temperature of 50±2°C. 

At room temperature, all samples displayed a broad passive range and low passive 
current density during the forward scan, indicating passive film development on 
the surface. As the potential increased beyond 1.1 VAg/AgCl in the anodic direction, 
there was a rapid current increase due to factors like oxygen evolution and 
transpassive dissolution, generating Cr6+ and Mo6+ species. During the reverse 
scan, there was a significant reduction in anodic current densities for all samples. 
The low current density inflection point at around 0.7 VAg/AgCl marks the 
transition point from anodic to cathodic behavior. This suggests a stable passive 
film, resulting in low anodic current densities.  

The negative hysteresis in the CPP curves indicates uniform corrosion in the 
transpassive region, rather than localized (pitting) corrosion. In summary, at room 
temperature, there were no significant differences in pitting corrosion resistance 
among OS-AD, B-AD, and HT samples, with similar pitting potentials and 
passive current densities. 
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Figure 38: Cyclic potentiodynamic polarization (CPP) curves obtained in 1.0 M NaCl 
solution at a) room temperature, and b) an elevated temperature of 50±2°C.      

(Paper E, with permission) 

At elevated temperature of 50±2°C, the CPP curves exhibit a well-defined passive 
current density around or below 10-6 A/cm². There is a noticeable positive 
hysteresis loop associated with pitting corrosion, indicating stable pit initiation. 
The potential at which stable pits rapidly form is termed the pitting potential (Epit). 
In this test, the behavior of the OS-AD, B-AD, and HT samples differs 
significantly. The OS-AD sample has the lowest average pitting potential at 72 ± 
8 mVAg/AgCl, while the B-AD and HT samples show higher average pitting 
potentials, measuring 643 ± 178 mVAg/AgCl and 826 ± 70 mVAg/AgCl, respectively. 
Furthermore, the OS-AD and HT samples display the highest repassivation 
potential, averaging -130 ± 40 mVAg/AgCl and -134 ± 75 mVAg/AgCl, respectively. 
In contrast, the B-AD sample exhibits the lowest average repassivation potential 
at -165 ± 34 mVAg/AgCl. These results indicate significant differences in pitting 
corrosion resistance among the OS-AD, B-AD, and HT samples at the elevated 
temperature. 

5.3.7.2 Critical pitting temperature (CPT)  

The CPT measurements of samples in 1.0 M NaCl solution is presented in Figure 
39. These CPT values signify the lowest temperature at which stable pits begin to 
form, as indicated by a sharp increase in current when a static potential and 
temperature ramp are applied. A current density threshold of 10-6 A/cm² was used 
to identify these critical temperatures. The OS-AD sample exhibited the lowest 
critical temperature, with an average of 60±0.6°C. In contrast, both the B-AD 
and HT samples displayed higher critical temperatures, averaging 73±0.6°C and 
68±0.9°C, respectively. 
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Figure 39: The CPT curves in 1.0 M NaCl solution with a temperature ramp of 

~1°C/min for OS-AD, B-AD, and HT samples. (Paper E, with permission) 

Figure 40 presents optical microscopy images of the sample surfaces after CPT 
tests. The OS-AD sample as shown in Figure 40-a displayed typical pitting 
corrosion behavior with clustered pits. Conversely, there was no significant pitting 
observed on the surfaces of the B-AD and HT samples. However, crevice 
corrosion was observed at the mount edges. On the B-AD sample (Figure 40-b), 
crevice corrosion affected ferritic regions within the grain interior. In the case of 
the HT sample, Figure 40-c highlights crevice corrosion along the grain boundary 
austenite and intragranular austenite. 

 
Figure 40: Optical microscopy images of CPT test sample surfaces: (a) Clustered 

corrosion pits in the outer-surface as-deposited (OS-AD) sample, (b) crevice corrosion 
near the edge of the mount of the bulk as-deposited (B-AD) sample with preferential 
corrosion in the grain interior; and (c) crevice corrosion near the edge of the mount of 
the heat treated (HT) sample with preferential corrosion along the grain boundaries 

and inside the grains. (Paper E, with permission) 
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5.3.8 Age hardening 

The hardness measurements of ferrite in the 2205 worught DSS and 2209 DED-
LB/w cylinder is shown in Figure 41. As can be seen, the initial hardness values 
of ferrite are approximately 317HV for the 2205 worught DSS and 349HV for 
2209 DED-LB/w cylinder. After 1000 hour aging, the hardness valuses increases 
up to 480HV and 564HV, respectively. 

 

Figure 41: Micro hardness H0.01 of ferrite phase in 2209 DED-LB/w and 2205 
wrought DSS during aging at 400 ºC. 

 

5.3.9 Thermodynamic and kinetic calculations 

Nitrogen loss affects the phase balance of DSS and lowers the austenite formation 
start temperature in these alloys. Therefore, the equilibrium phase diagram for the 
chemical composition of the laser metal deposited components was calculated by 
Thermo-Calc to find the appropriate heat treatment temperature. As can be seen 
in Figure 42, at around 1100ºC, the equilibrium ferrite and austenite fractions are 
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Figure 42: Phase diagram calculated with Thermo-Calc forDED-LB/w DSS 

components with 0.11 wt.% nitrogen. (Paper C, with permission) 

The results from diffusion calculations (DICTRA) are presented in Figure 43 and 
Table 12. The contents of Cr, Mo, and Ni are around 23.5%, 3.3%, and 8.3% in 
austenite which are similar to the ferritic matrix. However, N increases from 
0.04% in ferrite to 0.45% in austenite, demonstrating diffusion of N from ferrite 
to austenite. 

 

Figure 43: Elemental partitioning (Cr, Ni, Mo, and N) between ferrite and austenite 
after cooling from 1400 to 1000°C in 0.5 s. (Paper E, with permission) 
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5.3.8 Age hardening 

The hardness measurements of ferrite in the 2205 worught DSS and 2209 DED-
LB/w cylinder is shown in Figure 41. As can be seen, the initial hardness values 
of ferrite are approximately 317HV for the 2205 worught DSS and 349HV for 
2209 DED-LB/w cylinder. After 1000 hour aging, the hardness valuses increases 
up to 480HV and 564HV, respectively. 

 

Figure 41: Micro hardness H0.01 of ferrite phase in 2209 DED-LB/w and 2205 
wrought DSS during aging at 400 ºC. 
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Figure 42: Phase diagram calculated with Thermo-Calc forDED-LB/w DSS 

components with 0.11 wt.% nitrogen. (Paper C, with permission) 
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The predicted ferrite and austenite composition from the equilibrium calculation 
at 1100°C are presented in Table 13. According to these calculations, Ni and N 
are expected to be enriched in the austenite phase, while Cr and Mo are predicted 
to be enriched in the ferrite phase.  

Table 13 Predicted chemical composition of ferrite and austenite phase from 
thermodynamic and kinetic calculations in Thermo-Calc. 

 Phase (.wt%) Cr Ni Mo Mn N 
Dictra calculation- 
ferrite to austenite 

transformation 

Ferrite 23.6 8.3 3.3 1.4 0.05 

Austenite 23.5 8.3 3.3 1.4 0.45 

Equilibrium 
calculation at 1100°C 

Ferrite 26.6 5.8 4.2 1.2 0.038 
Austenite 20.8 10.3 2.5 1.5 0.17 
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6 Discussion 

6.1 Phase analyses 
Phase identification and quantification are important in multiphase materials like 
duplex stainless steels since the proportions of phases influence properties in 
these materials. 

6.1.1 Martensite formation during sample preparation 

The results of studies on laser welded TRIP duplex stainless steel [Paper B] clearly 
showed that the sample preparation method, in particular the choice of 
mechanical or electrolytic polishing, affects the measured phase fractions and the 
accuracy of phase analysis in TDSS with both LOM and EBSD. Using electrolytic 
polishing instead of mechanical polishing can both prevent phase transformation 
during sample preparation and produce a smooth and defect-free surface suitable 
for EBSD analysis. 

In stainless steel, metastable austenite can transform into martensite due to 
applied stresses or strains [107], [108]. Strain-induced martensite (SIM) forms 
during either bulk deformation [109]–[114] or at the surface during mechanical 
sample preparation [115]–[117] as found in this study in 5.1.1.  

From the viewpoint of phase transformation, both LOM and EBSD analysis 
suggested austenite to martensite transformation during mechanical polishing. In 
LOM, the microstructure of BM, as shown in Figure 17, indicates that martensite 
formed in austenite grains after mechanical polishing. The same behavior of the 
weld metal provided further evidence that mechanical polishing caused the 
formation of SIM. Furthermore, no martensite was seen after electrolytic 
polishing of neither BM nor weld metal which is in line with the fact that 
electrolytic polishing does not introduce any surface stresses or strains. 

This result was supported by EBSD analysis of TDSS welds, as there was a 
significant difference between the bcc and fcc phase fractions after mechanical 
and electrolytic polishing. The lower austenite fraction after mechanical polishing 
confirmed the austenite to martensite transformation.  
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6.1.2 LOM and EBSD evaluation methodologies 

As explained in the previous section, martensite formed as a consequence of the 
strain applied during mechanical sample preparation. Identification of phases and 
quantification of these are therefore of great importance in steels such as TDSS 
as the content of martensite plays a vital role in determining properties. Two 
methodologies, therefore, based on LOM and EBSD were employed to identify 
and quantify martensite in the presence of ferrite and austenite  

In LOM, the relatively similar etching response of martensite and ferrite 
complicated phase fraction measurements. As the Beraha reagent can be modified 
and used with various compositions to etch and characterize phases [118], [119], 
four different compositions of  Beraha reagent and different etching times were 
employed to maximize the contrast between ferrite, austenite, and martensite. The 
Beraha reagent with a composition of 60 mL water, 30 mL HCl, and 0.6 g 
potassium metabisulfite and an etching time of 10-12 s provided an etched 
microstructure with distinguishable ferrite, austenite, and martensite (Figure 19). 

Using the EBSD methodology, martensite was identified and quantified in the 
presence of ferrite and austenite. As EBSD identifies various phases according to 
their crystal lattice structures, separating ferrite and austenite is straightforward 
owing to their bcc and fcc structures. However, both ferrite (bcc) and low carbon 
α´-martensite (bct) were detected as the same bcc phase with EBSD. The 
developed EBSD methodology is based on the size and orientation of the 
martensite grains compared to the ferrite grains. Solidification of DSS is fully 
ferritic, and austenite forms in a solid-state ferrite to austenite transformation [48], 
[120]–[124] at ferrite/ferrite grain boundaries as well as inside ferrite grains [3]. 
As a result, austenite grains are much smaller than primary large ferrite grains, and 
hence martensite forming as a consequence of the TRIP effect inside the austenite 
grains in TDSS [41], [45], [125] will also be small. In Figure 20, it is presented how 
the implementation of this 6-stage methodology on a bcc IPF map showing grain 
orientations and grain size permits accurate identification and quantification of 
martensite in TDSS. 

A comparison of applying the LOM and EBSD methodologies to the same 
region, but at slightly different depths as a consequence of repolishing, is 
presented in Figure 44. The EBSD methodology is judged to have high accuracy 
and reliability since phases were identified in each point and there is only a low 
percentage of unindexed points. The LOM methodology result (16% martensite) 
is comparable to that from the EBSD analysis (13.2% martensite) as shown in 
Figure 44. It, however, has less accuracy for both identification and quantification 
of martensite.  
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Figure 44: Comparison of a) LOM and b) EBSD methodologies showing martensite 
formation in the same regions. Note that the images show the microstructure at 

slightly different depths as the sample was repolished after EBSD to permit color 
etching for LOM. (Paper B, with permission) 

 

6.1.3 Recommendations for sample preparation 

In this study, mechanical polishing formed up to 26% strain-induced martensite 
in the wrought base material and 18% in the weld metal during sample preparation 
of FDX 27 DSS. However, no martensite was observed after electrolytic 
polishing. Rodelas et al. [116] compared mechanical polishing with electrolytic 
polishing for 304L stainless steel welds and found that mechanical polishing 
caused more than 11% martensite formation due to the strain induced during 
mechanical grinding and polishing. Pinto et al. [126], moreover, observed 
austenite to martensite transformation during mechanical polishing of AISI 1520 
and 1540 carbon steels and claimed that the retained austenite content is highly 
dependent on the final preparation method. Therefore, for steels containing 
austenite with low stability, electrolytic polishing is recommended as mechanical 
polishing may affect phase fractions.  

However, either mechanical or electrolytic polishing can be employed to prepare 
the surface for microstructural characterization if surface deformation is not 
expected to introduce phase transformations. More particularly: 

• For LOM, mechanical polishing should be used if the sample is to be 
color etched, since the surface characteristics of electrolytically polished 
samples made successful color etching difficult. 

• In EBSD analysis, electrolytic polishing is preferable since it produces a 
stress-free and smooth surface well suited for EBSD analysis which is 
influenced by lattice defects and surface topography [127]. 
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6.2 Laser welding 
In this section, welding and laser reheating thermal cycles and their effects on the 
nitrogen content and microstructure of FDX 27 DSS laser welds are discussed 
[Paper A]. 

6.2.1 Nitrogen loss 

Compared to the initial nitrogen content of the base metal, both Ar- and N2- 
shielded welds showed some nitrogen loss, although significantly more 
pronounced for Ar-shielded welds. Keskitalo et al. [19] also reported that using 
nitrogen as shielding gas can to some extent limit the nitrogen loss during laser 
welding. Valiente et al. [87], moreover, observed higher nitrogen loss in laser metal 
deposition of 2209 duplex stainless steel wire with argon shielding gas compared 
to nitrogen shielding gas.  

The higher nitrogen loss in argon-shielded welds compared to nitrogen-shielded 
samples is attributed to the thermodynamical driving force making the system 
striving to achieve equilibrium between the melt pool and shielding environment. 
In argon-shielding, the environment is free of nitrogen; therefore, nitrogen 
escapes from the melt pool. However, when nitrogen is used as shielding gas, 
there is less less driving force for nitrogen to escape from the melt pool. As a 
result, nitrogen shielding can prevent or decrease nitrogen loss during laser 
welding of duplex stainless steel. 

6.2.2 Microstructure 

Rapid cooling combined with nitrogen loss can limit austenite formation in laser 
welding of DSS. In this study, nitrogen shielding significantly increased the 
austenite formation in the as-welded condition compared to argon shielding 
which has been reported also in other studies [19], [20]. As welding was done 
without a filler metal, nitrogen was the only element differing significantly 
between the two as-welded conditions. Other studies have pointed out the 
importance of weld metal nitrogen content for austenite formation [17], [128], 
[129]. The equilibrium phase fraction diagrams of the two as-welded conditions, 
calculated by Thermo-Calc, are shown in Figure 45. The higher nitrogen loss in 
the Ar-shielded weld results in lower equilibrium austenite fractions and lowers 
the start temperature for the solid-state transformation of ferrite to austenite 
during cooling. In addition, faster diffusion at higher transformation temperatures 
increases the growth rate. A higher nitrogen content has, therefore, 
thermodynamically and kinetically, the potential to contribute to the formation of 
more austenite in as-welded condition. 
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Figure 45: Equilibrium phase diagrams for the weld metals after experiencing nitrogen 
loss during laser welding. Nitrogen loss delays austenite formation and decreases the 

equilibrium fraction of austenite. (Paper A, with permission) 

 

Figure 23 shows that using nitrogen as a shielding gas instead of argon 
significantly reduced the formation of nitrides. This effect is consistent with 
findings in multi-pass welding of duplex stainless steel by Zhang et al. [130]. The 
lower nitrogen content in the argon-as-welded sample delays austenite formation 
to lower temperatures, where diffusion is slower. This, combined with longer 
diffusion paths due to lower austenite fractions, causes nitrogen to become 
trapped in ferrite, leading to nitride precipitation. Adding nitrogen to the shielding 
gas promotes austenite formation, reducing nitride formation. 

Laser reheating increased the austenite fraction in the nitrogen-shielded weld 
from 39% to 57%. This was attributed to the dissolution of nitrides in the ferrite 
matrix, with the nitrogen contributing to more austenite formation. Laser 
reheating did however, somewhat unexpectedly, not produce any measurable 
increase of the austenite fraction for the argon shielded weld. Furthermore, 
nitrides still remained in the Ar-shielded weld after reheating. The low fraction of 
austenite formed during laser welding with argon shielding meant that nitrogen in 
ferrite had a longer diffusion path to austenite. Therefore, nitrides dissolved 
during reheating were more likely to reform upon cooling. Additionally, nitrides 
in the argon-shielded laser welded may have been larger and dissolved more 
slowly. 
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Figure 45: Equilibrium phase diagrams for the weld metals after experiencing nitrogen 
loss during laser welding. Nitrogen loss delays austenite formation and decreases the 

equilibrium fraction of austenite. (Paper A, with permission) 
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matrix, with the nitrogen contributing to more austenite formation. Laser 
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in the argon-shielded laser welded may have been larger and dissolved more 
slowly. 
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6.3 Directed energy deposition using a laser beam 
The implementation of Direct Energy Deposition using a Laser Beam and Wire 
feedstock (DED-LB/w) combined with the hot-wire technology made it possible 
to successfully fabricate high-quality duplex stainless steel blocks and a cylinder 
[Papers C, D, and E]. These were investigated in as-deposited (AD) and heat-
treated (HT) conditions. The results showed promising properties in both AD 
and HT conditions. 

6.3.1 Component chemical composition 

A comparison of chemical compositions of wires (Table 4), block, and cylinder 
(Table 10), demonstrates that the composition of manufactured components, 
except for nitrogen, changed marginally during DED-LB/w. The nitrogen 
content, however, decreased to around 0.11% (Table 9) as expected from 
previous studies on AM of DSS [31], [131].  

Nitrogen content, as discussed for laser welding above, is of significant 
importance in balancing the ferrite and austenite ratio. Despite the nitrogen loss 
during DED-LB/w, the resulting nitrogen level in combination with the wire 
nickel content of 8.6% was adequate to form sufficient amounts of austenite to 
achieve good properties. This combination of nickel and nitrogen was also well 
suited for heat treatment which produced a balanced microstructure.  

6.3.2 Laser metal deposited microstructure 

6.3.2.1 As-deposited 

In addition to nitrogen loss, the high cooling rate of DED-LB/w restricts 
austenite formation during the deposition of DSS. Duplex stainless steels solidify 
fully ferritic and austenite forms in a solid-state transformation of ferrite to 
austenite which is controlled by diffusion of alloying elements, particularly 
nitrogen. The high cooling rate of DED-LB/w suppressed sufficient diffusion 
and subsequently austenite formation, as indicated in the microstructure of the 
last deposited bead in Figure 28. Due to the rapid cooling, ferrite became 
supersaturated in nitrogen and nitrides formed in highly ferritic regions on cooling 
and reheating. In these regions, as shown in Figure 36, localized corrosion has 
been reported as a consequence of chromium depletion around the nitrides [105], 
[106]. 

In DED-LB/w, during the deposition of two layers, the second layer will cause 
the formation of a heat affected zone (HAZ) in the previous beads. Therefore, as 
detailed in Paper D, there are two HAZ areas: low-temperature heat affected zone 
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(LTHAZ) and high-temperature heat affected zone (HTHAZ). A high ferrite 
fraction and nitride formation [69] have been observed in HTHAZ which 
deteriorates the corrosion resistance of DSS [105], [106]. In LTHAZ, secondary 
austenite clusters can form which as Hosseini et al. [50] showed based on 
thermodynamic calculations, are sensitive to localized corrosion as a consequence 
of having lower contents of chromium, molybdenum, and nitrogen (Figure 36). 
Moreover, as seen in Figure 28, the additional reheating and cooling cycle played 
a crucial role in promoting austenite formation since it provided sufficient time at 
elevated temperatures for nitrogen diffusion and austenite formation. In the 
reheated bead, the austenite fraction increased around 31% in the cylinder. This 
was the result of the growth of primary grain boundary, Widmanstätten, and 
intragranular austenite accompanied by the formation of secondary austenite 
[132]–[134]. 

In the bulk of AM components, the addition of layers upon each other and 
multiple reheating cycles resulted in a complicated [31], [135] but periodically 
repetitive microstructure which has also been observed in multipass welding 
[133], [136]. Therefore, as illustrated in Figure 27, the bulk of the laser metal 
deposited cylinder show a complex and inhomogeneous microstructure. A 
repetitive microstructure of duplex stainless steel during additive manufacturing 
have been also observed by Posch et al. [85] and Lervag et al. [32] in DED-Arc 
of DSS.  

Another phenomenon in the DED-LB/w of DSS, as in multipass welding, is the 
epitaxial growth of ferrite grains along the build direction (Figure 29) as observed 
by Hengsbach et al. [29] in AM of duplex stainless steel by PBF-LB. As the 
temperature gradient is along the build direction, the solidifying ferrite grains 
preferentially grow along this direction. After solidification of ferrite, austenite 
forms either at ferrite/ferrite grain boundaries or inside ferrite grains. The grain 
boundary austenite is, therefore, also mainly oriented along the build direction 
which will be discussed in Section 6.3.3. 

6.3.2.2 Heat-treated at 1100ºC 

Heat treatment homogenized the microstructure and balanced the ferrite and 
austenite fractions in the entire block and cylinder (Figure 30). The austenite 
fractions reached approximately 50% after heat treatment which is similar to the 
austenite content of wrought type 2205 DSS. It has been claimed that balanced 
fractions of ferrite and austenite provides the best combination of mechanical and 
corrosion properties in duplex stainless steel [4]. Heat treatment, moreover, 
dissolved nitrides. 
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(LTHAZ) and high-temperature heat affected zone (HTHAZ). A high ferrite 
fraction and nitride formation [69] have been observed in HTHAZ which 
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repetitive microstructure which has also been observed in multipass welding 
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deposited cylinder show a complex and inhomogeneous microstructure. A 
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preferentially grow along this direction. After solidification of ferrite, austenite 
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6.3.2.2 Heat-treated at 1100ºC 

Heat treatment homogenized the microstructure and balanced the ferrite and 
austenite fractions in the entire block and cylinder (Figure 30). The austenite 
fractions reached approximately 50% after heat treatment which is similar to the 
austenite content of wrought type 2205 DSS. It has been claimed that balanced 
fractions of ferrite and austenite provides the best combination of mechanical and 
corrosion properties in duplex stainless steel [4]. Heat treatment, moreover, 
dissolved nitrides. 
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Heat treatment coarsened the grain boundary and Widmanstätten, and 
particularly intragranular austenite. After heat treatment, intragranular austenite 
had a globular morphology, contrary to the angular shape in AD material. This 
behavior was also observed after heat treatment of duplex and super duplex 
stainless steel [87], [95], [137] and it can be attributed to reducing the total 
interface energy of austenite-ferrite boundaries. The globular and homogeneous 
microstructure after heat treatment can also be expected to decrease the residual 
stresses introduced by DED-LB/w [28]. 

The morphology and size of the ferrite grains did not change significantly. 
According to the equilibrium phase diagram (Figure 42), there was still some 
austenite at heat treatment temperature of 1100℃. The undissolved austenite 
grains were primarily at the ferrite/ferrite grain boundaries due to their larger size. 
This grain boundary austenite locked the ferrite grain boundaries and prevented 
the growth of ferrite grains. The ferrite grains, therefore, were not largely affected 
by the heat treatment and preserved their texture and orientation. 

In this study, the additively manufactured components were fully heat treated in 
the furnace to improve both mechanical properties and corrosion resistance. A 
local surface heat treatment, however, would be appropriate for applications 
where corrosion resistance is the main concern. In Paper A, it was shown that 
surface heat treatment with laser can also promote austenite formation and 
remove nitrides in duplex stainless steel [104]. 

6.3.2.3 Aged heat treated at 400 ºC 

The iso-concentration map of Fe-rich, Cr-rich, and Ni-Mn-Si-rich regions in 
Figure 32 reveals the initiation of ferrite decomposition into Fe-rich (α) and Cr-
rich (αʹ) phases after just 10 hours of aging at 400ºC. However, Figure 32-b shows 
no noticeable clustering of Ni, Mn, and Si atoms after 10-hour aging period. With 
continued aging up to 50 hours, both the Fe-rich and Cr-rich phases grow larger. 
Additionally, along with the ferrite decomposition, several Ni-Mn-Si-rich clusters 
with different sizes become apparent at the interfaces of the Fe-rich and Cr-rich 
phases. After 1000 hours of aging, not only does the number of Ni-Mn-Si-rich 
particles significantly increase, but they also tend to exhibit more uniform sizes. 

6.3.3 Mechanical properties 

Strength and ductility of additively manufactured components were on a high 
level, fulfilling or being very close to requirements for type 2205 wrought DSS 
according to the ASTM standard “Mechanical Testing and Evaluation, ASM 
handbook” [138], both as-deposited and after heat treatment (Table 12). The yield 
and tensile strength of the additively manufactured components met requirements 
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for wrought steel in as-deposited condition while elongation fluctuated around 
the minimum value. After heat treatment elongation was well above the minimum 
requirement, tensile strength within the required range and yield strength above 
or very near the minimum value required. 

Table 14: Tensile properties of DED-LB/w parts in as-deposited and heat-treated 
condition compared to standard ASTM S32205 duplex stainless steel. 

 Yield strength 
(MPa) 

Ultimate tensile 
strength (MPa) 

Elongation 
[A5] (%) 

ASTM S32205 [138] ≥ 480 700-920 ≥ 25 
As-deposited DED-LB/w 697-765 830-865 20-28 
Heat-treated DED-LB/w 479-556 742-763 30-35 

The similar behaviors of tensile specimens oriented parallel to and perpendicular 
to the deposition direction demonstrate the isotropy of the tensile properties in 
this additively manufactured component. This was in contrast to the results of 
Zhang et al. [35] who reported up to 11% anisotropy of tensile properties in 
DED-Arc with a 2209 DSS wire. The anisotropy of mechanical properties was 
also reported by Zhang et al. [34] in DED-Arc of super DSS. 

The decrease of strength and increase of elongation after heat treatment is in line 
with observations for selective laser melting of 2205 DSS powder [28]. In this 
study, 45% reduction of yield and 24% reduction of ultimate tensile strengths 
after 1 hour heat treatment at 1050 ℃ were observed.  

The impact toughness energies of DED-LB/w block and cylinder were also 
comparable to the value typical for type 2205 wrought DSS. Samples with the 
notch perpendicular to the build direction had impact toughness energies (230-
295 J) similar to the 230 J typical for type 2205 wrought DSS [139] at. -10 ℃. 
However, samples with the notch parallel to the build direction had lower impact 
toughness energies (163-239 J). 

Heat treatment increased impact toughness since as explained in 6.3.2.2, it 
homogenized the microstructure and dissolved nitrides. Moreover, as mentioned, 
the specimens with the notch perpendicular to the build direction had up to 39% 
higher impact toughness energy than samples with a parallel notch. In the impact 
toughness testing, the crack grows from the tip of the notch and it preferentially 
propagates through the ferrite due to its lower ductility and toughness [43]. 
According to the micrographs showing cross-sections of the notch region in 
Figure 35 and the schematic illustrations in Figure 46, in samples with notch 
perpendicular to the build direction, the grain boundary austenite acts as a barrier 
for the crack growth. The crack therefore changed its growth direction to avoid 
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the grain boundary austenite which resulted in a higher total impact toughness 
energy. As the grain boundary austenite was not eliminated during heat treatment 
and preserved its shape and orientation along the build direction, it could act as a 
barrier to crack growth also after heat treatment.  

 

Figure 46: a) Cross-section of a Charpy test specimen with the notch perpendicular to 
the build direction. The crack rounded the grain boundary austenite to grow. b) 

Schematic illustration of crack growth path relative to the grain boundary austenite in 
Charpy test specimens with parallel and perpendicular notches. (Paper D, with 

permission) 

 

6.3.4 Corrosion resistance 

The pitting resistance equivalent number (PREN = % Cr + 3.3% Mo + 16% N) 
[56] as the representive of material corrosion resistance was calculated for the 
ferrite and austenite phase in the AD and HT conditions based on the 
composition come from Table 13 and included in Table 15. These calculations 
suggest that the austenite phase has a higher PREN value compared to ferrite in 
the AD condition. While after heat treatment, the ferrite phase has a higher PREN 
value as compared to the austenite. 

Table 15: The pitting resistance equivalent number (PREN) of ferrite and austenite 
according to their composition from Table 12. 

 DICTRA calculation Equilibrium calculation at 1100°C 
Phase Ferrite Austenite Ferrite Austenite 
PREN 35.29 42.39 41.07 31.77 
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In CPP at room temperature, the DSS samples produced by DED-LB/w in both 
AD and HT conditions exhibited similar pitting corrosion resistance despite 
distinct microstructural differences. All samples displayed high corrosion 
resistance with a wide passive region and remained stable up to 1.1 VAg/AgCl, 
beyond which transpassive dissolution occurred, primarily associated with 
uniform corrosion rather than pitting. The absence of a hysteresis loop in the CPP 
curves and the lack of visible pitting on the sample surfaces suggested that the 
AD samples had comparable corrosion performance to the HT samples at room 
temperature and similar chloride concentration. This finding aligns with previous 
research on 22% Cr DSS produced by PBF-LB, which also showed that fully 
ferritic as-built microstructures exhibited comparable corrosion resistance at 
room temperature compared to the heat-treated condition [38, 39]. 

Differences in microstructures had little impact on corrosion resistance at room 
temperature but were noticeable in CPT measurements. The OS-AD sample with 
predominantly ferritic microstructure exhibited the lowest CPT (60±0.6°C) with 
clustered pits, possibly initiated by chromium-rich nitrides [141], [142]. The CPT 
was higher for B-AD (73±0.6°C) and HT (68±0.9°C) samples, which did not 
show typical corrosion pits but experienced crevice corrosion near sample edges 
(Figure 40). Microstructural differences influenced the regions where preferential 
corrosion occurred: in B-AD, it was the ferrite phase, while in HT, it was the 
austenite phase. In the B-AD sample, the ferrite and austenite phases have similar 
Cr and Mo compositions, but the ferrite is deplteted in N, making it prone to 
dissolution at temperatures above the CPT. Conversely, the HT sample 
experienced preferential corrosion in the austenite phase along grain boundaries 
and within the grains, while the ferrite phase remained unaffected (Figure 40-c). 
The heat treatment led to a redistribution of alloying elements, with higher 
concentrations of Cr and Mo in the ferrite. Consequently, the austenite phase 
became weaker, less stable, and more susceptible to corrosion due to the depletion 
of Cr and Mo. These differences in corrosion resistance between ferrite and 
austenite align well with the calculated PREN values for the AD and HT 
conditions in Table 15. The differences between these samples suggest the 
influence of microchemistry on localized corrosion. 

At elevated temperatures (50±2°C), hysteresis in CPP curves correlated with 
localized corrosion. Pitting occurred on the OS-AD surface, and crevice 
corrosion was evident in B-AD and HT, mirroring the observations made in the 
CPT measurements. At this temperature, a significant differences in pitting 
potential was observed: OS-AD exhibited the lowest CPT, while B-AD and HT, 
with more balanced ferrite-austenite fractions, demonstrated higher pitting 
potentials. In fact, the temperature increase enhances the reactivity of chloride 
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the grain boundary austenite which resulted in a higher total impact toughness 
energy. As the grain boundary austenite was not eliminated during heat treatment 
and preserved its shape and orientation along the build direction, it could act as a 
barrier to crack growth also after heat treatment.  

 

Figure 46: a) Cross-section of a Charpy test specimen with the notch perpendicular to 
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Schematic illustration of crack growth path relative to the grain boundary austenite in 
Charpy test specimens with parallel and perpendicular notches. (Paper D, with 

permission) 
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ions (Cl¯) in the test solution, thereby promoting the dissolution of corrosion 
products. 

6.3.5 Age hardening 

Before aging, the ferrite phase in the 2209- DED-LB/w sample displayed higher 
hardness compared to the ferrite in 2205-wrought DSS. This elevated hardness in 
the DED-LB/w sample can be attributed to three main factors. Firstly, the DED-
LB/w-DSS component has austenite content less than 2%, resulting in nitrogen-
enriched ferrite containing chromium nitrides, known for their higher hardness. 
Secondly, residual stresses from the additive manufacturing (DED-LB/w) 
process contribute to the increased hardness. Lastly, the ferrite in the DED-LB/w 
component has a higher Ni content compared to wrought 2205, effectively 
enhancing the ferrite hardness. 

After aging for 1000 hours at 400 ºC, the hardness increase was 163 HV for the 
wrought material, whereas it was 215 HV for the AM material. This suggests that 
beyond the inherently higher hardness of the DED-LB/w sample for all aging 
times, the age hardening effect on the ferrite phase is more pronounced in the 
additive manufacturing (AM) part. 

6.3.6 475 ºC-embrittlement  

In the binary Fe-Cr system, the age hardening of ferrite is mainly attributed to the 
decomposition of ferrite into Fe-rich (α) and Cr-rich (αʹ) phases. However, with 
the precense of additional alloying elements such as Ni, Mn, Mo, and Si, the 
formation of intermetallic phases like G-, R-, and χ-phases becomes a significant 
contributor to the age hardening of ferrite. Thus, understanding the interplay 
between these two phenomena is essential for addressing the occurrence of 475°C 
embrittlement in DSS. 

In this study, alongside the spinodal decomposition of ferrite into Fe-rich (α) and 
Cr-rich (αʹ) phases, Ni-Mn-Si-rich clusters form at the interface of the α and αʹ 
phases as shown in Figure 47. In spinodal decomposition, the mismatch between 
the lattice parameters of α and αʹ phases is the main reason contributing to the 
embrittlement of the ferrite. While in the presence of Ni-Mn-Si- rich clusters, 
precipitation hardening is the main mechanism for embrittlement. While in many 
studies, spinodal decomposition is considered as the main contributor to age 
hardening of ferrite, Badyka et al. [143] and Sakata et al. [63] claimed that G-phase 
or Ni-Mn-Si-rich clusters can have a more pronounced role in age hardening of 
ferrite. 
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Figure 47: A schematic representation of how ferrite decomposition into Fe-rich (α) 
and Cr-rich (αʹ) phases can result in the enrichment of Ni, Mn, and Si in the 

intermediate area between these two phases. 

6.3.7 Additive manufacturing of duplex stainless steel 

It has been demonstrated in this and other studies that AM can be used to build 
DSS components although achieving a desired microstructure and properties can 
be a challenge as discussed in references [6], [27]–[29], [31], [35]–[38], [84]. Figure 
48 summarizes some important factors during production, tools available to 
predict the resulting microstructure, and important properties that need to be 
controlled. 

To begin with, from the viewpoint of the process aspects, it is important to design 
a system providing appropriate cooling to avoid heat accumulation and allow a 
continuous process and high productivity. Heat input, size and geometry of the 
component, and material grade are all important in controlling the temperature 
cycle including maximum allowable temperature and appropriate cooling rates 
[12]. Another challenge in AM is minimizing the occurrence of defects like 
porosity, cracking, and lack of fusion as defects will deteriorate the mechanical 
properties [93]. A factor is also the component chemical composition, particularly 
oxygen and nitrogen contents since oxygen affects the ductility and toughness, 
and nitrogen influences phase balance and thereby properties [144], [145]. The 
most important factor is the microstructure, governing properties, which was 
investigated in the present study as presented in Paper C and earlier papers [87], 
[88].  

DISCUSSION  

69 
 

 

 

Figure 47: A schematic representation of how ferrite decomposition into Fe-rich (α) 
and Cr-rich (αʹ) phases can result in the enrichment of Ni, Mn, and Si in the 

intermediate area between these two phases. 

6.3.7 Additive manufacturing of duplex stainless steel 

It has been demonstrated in this and other studies that AM can be used to build 
DSS components although achieving a desired microstructure and properties can 
be a challenge as discussed in references [6], [27]–[29], [31], [35]–[38], [84]. Figure 
48 summarizes some important factors during production, tools available to 
predict the resulting microstructure, and important properties that need to be 
controlled. 

To begin with, from the viewpoint of the process aspects, it is important to design 
a system providing appropriate cooling to avoid heat accumulation and allow a 
continuous process and high productivity. Heat input, size and geometry of the 
component, and material grade are all important in controlling the temperature 
cycle including maximum allowable temperature and appropriate cooling rates 
[12]. Another challenge in AM is minimizing the occurrence of defects like 
porosity, cracking, and lack of fusion as defects will deteriorate the mechanical 
properties [93]. A factor is also the component chemical composition, particularly 
oxygen and nitrogen contents since oxygen affects the ductility and toughness, 
and nitrogen influences phase balance and thereby properties [144], [145]. The 
most important factor is the microstructure, governing properties, which was 
investigated in the present study as presented in Paper C and earlier papers [87], 
[88].  



 

68 
 

ions (Cl¯) in the test solution, thereby promoting the dissolution of corrosion 
products. 

6.3.5 Age hardening 

Before aging, the ferrite phase in the 2209- DED-LB/w sample displayed higher 
hardness compared to the ferrite in 2205-wrought DSS. This elevated hardness in 
the DED-LB/w sample can be attributed to three main factors. Firstly, the DED-
LB/w-DSS component has austenite content less than 2%, resulting in nitrogen-
enriched ferrite containing chromium nitrides, known for their higher hardness. 
Secondly, residual stresses from the additive manufacturing (DED-LB/w) 
process contribute to the increased hardness. Lastly, the ferrite in the DED-LB/w 
component has a higher Ni content compared to wrought 2205, effectively 
enhancing the ferrite hardness. 

After aging for 1000 hours at 400 ºC, the hardness increase was 163 HV for the 
wrought material, whereas it was 215 HV for the AM material. This suggests that 
beyond the inherently higher hardness of the DED-LB/w sample for all aging 
times, the age hardening effect on the ferrite phase is more pronounced in the 
additive manufacturing (AM) part. 

6.3.6 475 ºC-embrittlement  

In the binary Fe-Cr system, the age hardening of ferrite is mainly attributed to the 
decomposition of ferrite into Fe-rich (α) and Cr-rich (αʹ) phases. However, with 
the precense of additional alloying elements such as Ni, Mn, Mo, and Si, the 
formation of intermetallic phases like G-, R-, and χ-phases becomes a significant 
contributor to the age hardening of ferrite. Thus, understanding the interplay 
between these two phenomena is essential for addressing the occurrence of 475°C 
embrittlement in DSS. 

In this study, alongside the spinodal decomposition of ferrite into Fe-rich (α) and 
Cr-rich (αʹ) phases, Ni-Mn-Si-rich clusters form at the interface of the α and αʹ 
phases as shown in Figure 47. In spinodal decomposition, the mismatch between 
the lattice parameters of α and αʹ phases is the main reason contributing to the 
embrittlement of the ferrite. While in the presence of Ni-Mn-Si- rich clusters, 
precipitation hardening is the main mechanism for embrittlement. While in many 
studies, spinodal decomposition is considered as the main contributor to age 
hardening of ferrite, Badyka et al. [143] and Sakata et al. [63] claimed that G-phase 
or Ni-Mn-Si-rich clusters can have a more pronounced role in age hardening of 
ferrite. 

DISCUSSION  

69 
 

 

 

Figure 47: A schematic representation of how ferrite decomposition into Fe-rich (α) 
and Cr-rich (αʹ) phases can result in the enrichment of Ni, Mn, and Si in the 

intermediate area between these two phases. 

6.3.7 Additive manufacturing of duplex stainless steel 

It has been demonstrated in this and other studies that AM can be used to build 
DSS components although achieving a desired microstructure and properties can 
be a challenge as discussed in references [6], [27]–[29], [31], [35]–[38], [84]. Figure 
48 summarizes some important factors during production, tools available to 
predict the resulting microstructure, and important properties that need to be 
controlled. 

To begin with, from the viewpoint of the process aspects, it is important to design 
a system providing appropriate cooling to avoid heat accumulation and allow a 
continuous process and high productivity. Heat input, size and geometry of the 
component, and material grade are all important in controlling the temperature 
cycle including maximum allowable temperature and appropriate cooling rates 
[12]. Another challenge in AM is minimizing the occurrence of defects like 
porosity, cracking, and lack of fusion as defects will deteriorate the mechanical 
properties [93]. A factor is also the component chemical composition, particularly 
oxygen and nitrogen contents since oxygen affects the ductility and toughness, 
and nitrogen influences phase balance and thereby properties [144], [145]. The 
most important factor is the microstructure, governing properties, which was 
investigated in the present study as presented in Paper C and earlier papers [87], 
[88].  
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Thermodynamic calculations are useful to predict the formation of phases, phase 
balance, and effect of heat treatment. From both mechanical and corrosion 
resistance perspectives, approximately equal fractions of ferrite and austenite 
usually provide the optimum functionality of DSS [4].  Homogenization of the 
microstructure and preventing the formation of detrimental secondary phases are 
actions that should be taken to reach high-quality products [146]. After 
production of the parts, post-process treatments are often necessary to further 
improve the properties. The most important is a post-heat treatment, as was 
implemented to homogenize the microstructure, remove secondary phases, and 
balance the ferrite and austenite ratio. The mechanical properties and corrosion 
resistance of the produced DSS components also determine the applicability of 
AM in the fabrication of these alloys. Testing is therefore needed to evaluate and 
verify the mechanical properties and the corrosion resistance and to judge 
component functionality. The mechanical properties and corrosion resistance of 
DSS additively manufactured by DED-LB/w are discussed in Papers C, D, and 
E. Finally, the service temperature of this component is of high importance since 
DSS are susceptible to 475 ºC- embrittlement a phenomenon that can happen at 
temperatures between 200-500 ºC. 

 

Figure 48: Important factors in additive manufacturing of duplex stainless steel 
components. The properties of DSS components are dictated by their microstructure 

which is controlled by the chemical composition and thermal cycles. Reaching 
required properties and avoiding defects require implementation and control of 

appropriate process parameters and the use of suitable feedstock material. 
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7 Responses to research questions 

The welding and directed energy deposition of duplex stainless steels using a laser 
beam as the heat source were investigated. The objective of this study was “To 
increase the understanding of the microstructure evolution and its 
influence on the mechanical properties and corrosion resistance of laser 
beam manufactured duplex stainless steels”. A summary of the results and 
the conclusions drawn from this study are presented below as responses to 
research questions. 

• How do the choice of shielding gas and laser reheating affect austenite content and 
nitride formation in laser welding of duplex stainless steel? (Paper A) 

The effects of using pure argon or nitrogen as shielding and backing gas and of 
laser reheating were investigated in laser welding of 1.5-mm-thick FDX 27 DSS. 
Changing the shielding and backing gas from pure argon to pure nitrogen 
decreased the nitrogen loss and increased the austenite fraction from 22 to 39%. 
Laser reheating increased the austenite fraction from 39 to 57% for the nitrogen-
shielded weld. The HAZ austenite fractions followed the WM trends resulting in 
the highest austenite fraction for the reheated nitrogen-shielded sample. Nitrides 
were observed for both Ar- and N2-shielding, but the amount was lower with N2-
shielding where laser reheating produced a largely nitride-free microstructure 
weld. Finally, it can be concluded that applying nitrogen as a shielding gas in laser 
welding of duplex stainless steels followed by subsequent laser reheating can 
notably promote austenite formation and suppress nitride precipitation. 

• To what extent does the choice of sample preparation technique impact the phase 
fraction analysis of TRIP-duplex stainless steel? (Paper B) 

Samples from base material and welds in a transformation-induced plasticity 
duplex stainless steel with metastable austenite were prepared by mechanical or 
electrolytic polishing and analyzed with LOM and EBSD. Mechanical polishing 
formed up to 26% strain-induced martensite while no martensite was found after 
electrolytic polishing.  

To identify and quantify martensite with LOM, using a Beraha etching reagent 
with a composition of 60 mL water, 30 mL HCl, and 0.6 g potassium metabisulfite 
and using an etching time of 10–12 s produced an etched microstructure where 
ferrite, austenite, and martensite could be distinguished. However, the 
repeatability and accuracy of this approach were not sufficient for reliable phase 
analysis. To address this problem, a novel six-step EBSD methodology, based on 
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knowledge about the ferritic solidification of duplex stainless steel and grain sizes 
and orientations of ferrite and martensite, was developed. This approach was 
shown to identify and measure the fractions of ferrite, austenite, and martensite 
successfully and reliably. 

• How do the microstructural characteristics of DED-LB/w affect the tensile strength, 
impact toughness, and pitting corrosion resistance in duplex stainless steel components, 
considering variations in both as-deposited and heat-treated conditions? (Papers C, 
D, and E) 

Directed Energy Deposition using a Laser Beam and Wire feedstock (DED-
LB/w) combined with the hot-wire technology made it possible to achieve a 
stable and consistent deposition process and to successfully fabricate high-quality 
duplex stainless steel components of different geometries. The deposited material 
was of high quality with no detectable cracks or lack of fusion defects and only a 
few small pores were found.  

The as-deposited duplex microstructure was inhomogeneous and repetitive 
including regions with low and high fractions of austenite. Nitrides were observed 
in highly ferritic regions. However, heat treatment at 1100ºC for 1 hour locally 
and globally homogenized the microstructure, removed nitrides, and balanced the 
ferrite and austenite fractions. The austenite fractions were around 50% for both 
block and cylinder after heat treatment, similar to steel delivery conditions, and 
appropriate to ensure a combination of good mechanical and corrosion 
properties. 

The mechanical properties of the components, both strength and toughness, were 
on a high level both as-deposited and after heat treatment, comparable to or 
above requirements in standards for wrought type 2205 duplex stainless steel. A 
heat treatment increased the toughness and ductility, while strength decreased. 
The yield strength was between 697 and 765 MPa in as-deposited condition and 
from 479 to 556 MPa after heat treatment which is close to or above the minimum 
requirement of 480 MPa for wrought type 2205 DSS. The tensile strength was 
within the range of standard requirements for 2205 DSS, i.e., 700-920 MPa, both 
as-deposited with 830-865 MPa and heat-treated with 742-763 MPa. The 
elongation of DED-LB/w components fluctuated around 25%, which is the 
minimum required value of wrought type 2205 duplex stainless steel, in as-
deposited condition, but was well above at 30-35% after heat treatment. The 
impact toughness energy was comparable to the 230 J typical for 2205 DSS. 
However, samples with the notch perpendicular to the build direction had higher 
impact toughness energies (230-295 J) compared to samples with the notch 
parallel to the build direction (163-239 J). 

RESPONSES TO RESEARCH QUESTIONS  

73 
 

The corrosion resistance of the samples was evaluated through cyclic 
potentiodynamic polarization (CPP) and critical pitting temperature (CPT) 
measurements. At room temperature, the CPP analysis surprisingly revealed no 
significant differences in corrosion resistance between the as-deposited and heat-
treated samples, despite variations in the ferrite-to-austenite ratio and elemental 
distribution. In CPT analysis, the lowest value was observed for the 
predominantly ferritic microstructure with finely dispersed chromium-rich 
nitrides, measuring at 60°C. In contrast, the reheated area, with approximately 
higher austenite fraction in the as-deposited condition, achieved a higher CPT, 
comparable to that after heat treatment, with values of 73 and 68°C, respectively. 
At temperatures above the CPT, selective dissolution of the ferrite after 
deposition was observed due to depletion of N, while after heat treatment, 
austenite preferentially dissolved due to Cr and Mo concentrating in ferrite. In 
summary, results demonstrate how microstructural differences in terms of ferrite-
to-austenite ratio, distribution of corrosion-resistant elements, and presence of 
nitrides affect corrosion resistance of DED-LB/w DSS. 

• What are the mechanisms and kinetics governing 475ºC embrittlement in duplex 
stainless steel manufactured through DED-LB/w? (Paper F) 

The 2209 DED-LB/w duplex stainless steel and 2205 wrought DSS were 
subjected to isothermal aging at 400°C for up to 1000 hours. The hardness 
analysis revealed that across all aging durations the age hardening is more 
pronounced in the DED-LB/w-fabricated DSS compared to the 2205 wrought 
DSS. This enhancement was attributed to the higher Ni content in the DED-
LB/w DSS. The microstructural evolution of the aged DED-LB/w DSS was 
investigated using atom probe tomography (APT). The APT results revealed that 
ferrite decomposed into Fe-rich (α) and Cr-rich (αʹ) phases, even after 10 hours 
of aging. Additionally, the findings highlighted the formation of Ni-Mn-Si-rich 
clusters at the interface of Fe-rich (α) and Cr-rich (αʹ) phases, alongside ferrite 
decomposition. The concurrent processes of ferrite decomposition and clustering 
involving Ni, Mn, and Si atoms were identified as key contributors to the 
embrittlement phenomena. 
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8 Future work 

The DED-LB/w additively manufactured duplex stainless steel components 
showed a balanced microstructure after heat treatment, promising mechanical 
properties, and good corrosion resistance in both as-deposited and heat-treated 
conditions. However, further studies are needed to fully characterize component 
properties, optimize the process to produce a more homogeneous as-deposited 
microstructure, and minimize the risk of defect. Future work is therefore 
suggested to focus on the following aspects: 

1. Although the tensile strength and impact toughness energy fulfilled the 
requirements, investigation of fatigue properties are needed to provide a 
more complete understanding of mechanical properties. 

2. During manufacturing of DSS components, no cracks or lack of fusion 
defects were observed and only a few small pores were detected. 
However, understanding the source of defects to ensure that their 
formation can be avoided is of great significance. Studies on defect 
formation mechanisms would therefore be of great value. 

3. It would be of value to explore whether adjusting heat input by 
controlling laser power and other parameters could limit heat 
accumulation resulting in a more homogeneous microstructure. 

4. Residual stresses derived from the complicated thermal cycles is a critical 
issue in AM of metallic parts since it can deteriorate properties and cause 
distortion. A better knowledge of, and finding ways of minimizing, 
residual stresses would be helpful when attempting to improve properties 
and functionality of additively manufactured components. 

5. Investigating the impact of 475ºC embrittlement on the localized 
corrosion resistance of DSS could provide valuable insights. This is 
because the process of ferrite decomposition into Fe-rich (α) and Cr-rich 
(αʹ) phases during 475ºC embrittlement has the potential to locally alter 
the chromium content in ferrite, thereby affecting its corrosion resistance 
within DSS. 

The suggested investigations would contribute to making the DED-LB/w 
process a useful and practical technology for additively manufacturing of 
components for industrial applications.  
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10  Summaries of appended papers 

Paper A:  

Promoting austenite formation in laser welding of duplex 
stainless steel - Impact of shielding gas and laser reheating 

Paper A focuses on the effect of shielding gas and laser reheating on the laser 
welding of lean FDX 27 duplex stainless steel. Four conditions were investigated: 
Ar-shielded welding, N2-shielded welding, Ar-shielded welding followed by Ar-
shielded laser reheating, and N2-shielded welding followed by N2-shielded laser 
reheating. By using nitrogen shielding gas, the austenite fraction increased to 39%, 
from 22% for the Ar-shielded weld. The amount of nitrides was also lower in N2-
shielded samples. Laser reheating was effective in dissolving nitrides and 
promoting austenite formation only for nitrogen-shielded welds. Nitrogen 
contents of weld metals were evaluated from calculated equilibrium phase 
diagrams and measured austenite fractions after equilibrating heat treatments at 
1100°C. It was found that nitrogen loss was larger for argon shielding than for 
nitrogen shielding. Finally, it is concluded that combining welding with pure 
nitrogen as shielding gas and a laser reheating pass can significantly improve 
austenite formation and reduce nitride formation in DSS laser welds. 

Paper B: 

Identification and quantification of martensite in ferritic-
austenitic stainless steels and welds  

The aim of Paper B is to study the effect of sample preparation technique on 
phase analysis of base material and laser welded duplex stainless steel (from Paper 
A). A comprehensive comparison of light optical microscopy (LOM) and electron 
backscatter diffraction (EBSD) analysis of samples prepared by either mechanical 
or electrolytic polishing was performed. The results showed that mechanical 
polishing formed strain-induced martensite during sample preparation of FDX 
27 DSS with metastable austenite. Two methodologies capable of reliably 
identifying martensite in ferritic-austenitic microstructures where developed, one 
using LOM and one using EBSD. The LOM methodology was capable of 
contrasting the different phases by fine-tuning of the Beraha etching procedure. 
The novel step-by-step EBSD methodology could successfully both identify and 
quantify martensite in the presence of ferrite and austenite. 
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welding of lean FDX 27 duplex stainless steel. Four conditions were investigated: 
Ar-shielded welding, N2-shielded welding, Ar-shielded welding followed by Ar-
shielded laser reheating, and N2-shielded welding followed by N2-shielded laser 
reheating. By using nitrogen shielding gas, the austenite fraction increased to 39%, 
from 22% for the Ar-shielded weld. The amount of nitrides was also lower in N2-
shielded samples. Laser reheating was effective in dissolving nitrides and 
promoting austenite formation only for nitrogen-shielded welds. Nitrogen 
contents of weld metals were evaluated from calculated equilibrium phase 
diagrams and measured austenite fractions after equilibrating heat treatments at 
1100°C. It was found that nitrogen loss was larger for argon shielding than for 
nitrogen shielding. Finally, it is concluded that combining welding with pure 
nitrogen as shielding gas and a laser reheating pass can significantly improve 
austenite formation and reduce nitride formation in DSS laser welds. 

Paper B: 

Identification and quantification of martensite in ferritic-
austenitic stainless steels and welds  

The aim of Paper B is to study the effect of sample preparation technique on 
phase analysis of base material and laser welded duplex stainless steel (from Paper 
A). A comprehensive comparison of light optical microscopy (LOM) and electron 
backscatter diffraction (EBSD) analysis of samples prepared by either mechanical 
or electrolytic polishing was performed. The results showed that mechanical 
polishing formed strain-induced martensite during sample preparation of FDX 
27 DSS with metastable austenite. Two methodologies capable of reliably 
identifying martensite in ferritic-austenitic microstructures where developed, one 
using LOM and one using EBSD. The LOM methodology was capable of 
contrasting the different phases by fine-tuning of the Beraha etching procedure. 
The novel step-by-step EBSD methodology could successfully both identify and 
quantify martensite in the presence of ferrite and austenite. 
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Paper C: 

Wire laser metal deposition additive manufacturing of duplex 
stainless steel components - Development of a systematic 
methodology 

In Paper C, additive manufacturing of duplex stainless steel using Directed 
Energy Deposition using a Laser Beam and Wire (DED-LB/w), also called Laser 
Metal Deposition with Wire (LMDw), was studied. A systematic four-stage 
methodology was applied to the production of a cylinder intended for an 
industrial application. The methodology included the deposition of a single-bead 
pass, a single-bead wall, a block, and finally a cylinder, and the aim was to 
systematically, step by step, increase the geometrical complexity and size of the 
manufactured parts. For each step, the microstructure was evaluated, and the 
chemical composition was analyzed. In addition, for the last two stages, the 
mechanical properties in as-deposited and heat-treated conditions were studied. 
The results showed an inhomogeneous microstructure in as-deposited condition 
and a homogeneous microstructure after heat treatment. Implementation of this 
systematic methodology with a stepwise increase in the deposited volume and 
geometrical complexity was a successful approach in developing additive 
manufacturing procedures for the production of significantly sized metallic 
components. 

Paper D: 

Wire laser metal deposition of 22% Cr duplex stainless steel: 
As-deposited and heat-treated microstructure and 
mechanical properties 

The microstructure, chemical analysis, and mechanical properties of blocks with 
dimensions of 150x70x30 mm3 produced by Directed Energy Deposition using a 
Laser Beam and Wire (DED-LB/w), stage 3 in Paper C, were studied in more 
details in paper D. The as-deposited microstructure was inhomogeneous with 
highly ferritic areas with nitrides and austenitic regions with fine secondary 
austenite occurring in a periodic manner. Heat treatment for 1 hour at 1100℃ 
produced a homogenized microstructure, free from nitrides and fine secondary 
austenite, with balanced ferrite and austenite fractions. Although some nitrogen 
was lost during LMDw, heat treatment allowed the formation of about 50% 
austenite. Mechanical properties fulfilled common requirements on strength, 
ductility, and toughness in both as-deposited and heat-treated conditions 
achieving the highest strength in as-deposited condition and best toughness and 
ductility in heat-treated condition. 
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Paper E: 

Corrosion resistance and microstructure analysis of 
additively manufactured 22% chromium duplex stainless 
steel by laser metal deposition with wire 

The study focused on investigating the microstructure characteristics and pitting 
corrosion behavior of cylinder manufactured by DED-LB/w (or LMDw) (stage 
4 in Paper C). The rapid cooling rate inherent to LMDw limited the distribution 
of alloying elements such as Cr, Mo, and Ni in ferrite and austenite, while N 
diffused from ferrite to austenite. In addition to homogenizing the 
microstructure, heat treatment led to the redistribution of Cr and Mo to ferrite, 
and Ni and N to austenite. Corrosion resistance, assessed through cyclic 
potentiodynamic polarization (CPP) measurements, showed no major differences 
between as-deposited and heat-treated samples at room temperature. However, 
the critical pitting temperature (CPT) was lowest for the ferritic region with 
nitrides in the as-deposited condition. Reheated areas with more austenite in the 
as-deposited condition achieved a higher CPT, similar to the heat-treated samples. 
Beyond the CPT, selective dissolution occurred depending on the microstructure 
each phases. In summary, microstructural differences, including ferrite-to-
austenite ratio, element distribution, and presence of nitrides, affected the 
corrosion resistance of LMDw DSS. 

Paper F: 

Effect of Ni content on 475°C Embrittlement of Directed 
Energy Deposited Duplex Stainless Steel using a Laser 
Beam and Wire Feedstock 

The study focuses on the mechanisms and kinetics of 475°C embrittlement in 
directed energy deposition using a laser beam with wire (DED-LB/w) on duplex 
stainless steel (DSS). For this investigation, 2209 DSS was utilized as the feedstock 
material, which contains a higher Ni content. Employing advanced techniques 
such as atom probe tomography (APT) and transmission electron microscopy 
(TEM), the study examined the microstructure evolution after aging at 400°C for 
up to 1000 hours. Hardness analysis revealed that the elevated Ni content in 
DED-LB/w-fabricated DSS contributes to enhanced age hardening compared to 
2205 wrought DSS. Moreover, APT and TEM analyses demonstrated that, 
concurrent with the decomposition of ferrite into Fe-rich (α) and Cr-rich (αʹ) 
phases, clustering of Ni, Mn, and Si atoms played a significant role in the 
embrittlement process. 
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Promoting austenite formation in laser welding of duplex stainless
steel—impact of shielding gas and laser reheating
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Abstract
Avoiding low austenite fractions and nitride formation are major challenges in laser welding of duplex stainless steels (DSS). The
present research aims at investigating efficient means of promoting austenite formation during autogenous laser welding of DSS
without sacrificing productivity. In this study, effects of shielding gas and laser reheating were investigated in welding of 1.5-
mm-thick FDX 27 (UNS S82031) DSS. Four conditions were investigated: Ar-shielded welding, N2-shielded welding, Ar-
shielded welding followed by Ar-shielded laser reheating, and N2-shielded welding followed by N2-shielded laser reheating.
Optical microscopy, thermodynamic calculations, and Gleeble heat treatment were performed to study the evolution of micro-
structure and chemical composition. The austenite fraction was 22% for Ar-shielded and 39% for N2-shielded as-welded
conditions. Interestingly, laser reheating did not significantly affect the austenite fraction for Ar shielding, while the austenite
fraction increased to 57% for N2-shielding. The amount of nitrides was lower in N2-shielded samples compared to in Ar-shielded
samples. The same trends were also observed in the heat-affected zone. The nitrogen content of weld metals, evaluated from
calculated equilibrium phase diagrams and austenite fractions after Gleeble equilibrating heat treatments at 1100 °C, was 0.16%
for N2-shielded and 0.11% for Ar-shielded welds, confirming the importance of nitrogen for promoting the austenite formation
during welding and especially reheating. Finally, it is recommended that combining welding with pure nitrogen as shielding gas
and a laser reheating pass can significantly improve austenite formation and reduce nitride formation in DSS laser welds.

Keywords Duplex stainless steel . Laser welding . Shielding gas . Laser reheating . Austenite fraction

1 Introduction

Duplex stainless steels (DSS), with a nearly equal amount of
ferrite and austenite, have received much attention in recent
years, thanks to offering both high corrosion resistance and
superior mechanical properties [1]. In DSS, a balanced phase
fraction is of vital importance as the best combination of me-
chanical properties and corrosion resistance comes by approx-
imately equal fractions of ferrite and austenite [2].

Laser welding has the potential to accelerate the fabrication
of components [3, 4]; however, somemetallurgical challenges

limit its applications in DSS. Solidification of DSS is fully
ferritic and followed by the diffusion-controlled solid-state
ferrite to austenite transformation. Rapid cooling, when using
low-energy input processes such as laser welding, restricts the
austenite formation and disturbs the optimum phase balance in
DSS. This condition also increases the risk of nitride forma-
tion due to the supersaturation of nitrogen in ferrite. It may,
therefore, deteriorate the corrosion properties and toughness
of DSS laser welds [5, 6]. Nitrogen content is of great impor-
tance in promoting austenite formation, especially during au-
togenous welding [7, 8], as it has a high diffusion rate and is a
strong austenite former [9, 10]. Nitrogen loss will, therefore,
limit the austenite formation during welding of DSS [11]. The
decrease of nitrogen content is not restricted to the weld metal
(WM); the heat-affected zone (HAZ) is also influenced by
nitrogen diffusion from the HAZ to the WM [12–14].

In recent years, the effect of shielding gas on welding of
DSS, as one of the most important factors of controlling weld
properties, has been studied [15–17]. Table 1 presents laser
welding parameters, information about base material,
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shielding gas, and the resulting austenite fraction in laser
welding of DSS in different studies. Salminen et al. [23] ar-
gued that a higher content of nitrogen in the shielding gas
leads to an increase in austenite fraction of 2205 DSS laser
welds. Keskitalo et al. [20], during laser welding of LDX 2101
DSS, observed that by replacing argon with nitrogen as
shielding gas, the austenite fraction increased from 17 to
29%, thanks to a higher nitrogen content of the WM with
nitrogen shielding. Lai et al. [21] also reported an increment
of austenite fraction from 25 to 41% by changing from argon
to nitrogen shielding gas in laser welding of 2205 DSS. It
should be noted that other laser welding parameters such as
laser type, power, speed, and focus spot size as well as the
DSS grade and its thickness are as important as the choice of
shielding gas for the final austenite fraction of the weld metal.
The highest austenite fraction reported in Table 1 was, for
example, reported for CO2 laser welding of thin LDX 2101
with He as shielding gas which cannot directly be explained
by nitrogen promoting austenite formation.

Reheating or heat treatment is another approach employed
to promote austenite formation in DSS laser welds. Heat treat-
ment after welding has been employed in several studies to
increase the time available for ferrite to austenite transforma-
tion [18, 22, 24–26]. Saravanan et al. [24] improved the aus-
tenite fraction of 2507 DSS laser welds about 12% by post-
weld heat treatment (PWHT) at 1050 °C for 2 h in a furnace.
Young et al. [25] also reported that 60-min furnace PWHT at
1050 °C increased austenite fraction from 25 in as-welded
condition to 55%. In another study, Yang et al. [18] showed
that furnace PWHT at 1080 °C for 3 min increased austenite
formation from 7 in as-welded condition to 54%. Despite that
furnace PWHT promotes the austenite formation, it may not
be feasible for large and/or complex geometries, and it may
significantly increase the production time. Capello et al. [22]
used laser heat treatment, as an alternative method to furnace
heat treatment, to promote austenite formation in DSS welds.
They successfully showed the possibility of laser reheating to
increase the austenite fraction in DSS welds. However, they
found a heterogeneous microstructure in the weld with a high
fraction of secondary austenite in the top with no significant
increase of austenite content in the bottom. Kolenic et al. [27],
moreover, increased the austenite fraction of 2507 SDSS laser
welds using defocused laser beam reheating. However, a low-
er amount of austenite was achieved in the root compared to
the surface and center of the welds due to relatively low peak
temperatures and the use of argon shielding gas.

Despite the need from the industry, no special guidelines
are available to advise on the combined effect of the choice of
shielding gas and laser reheating when aiming at maximizing
the austenite formation with a minimum delay in the produc-
tion time of autogenous DSS laser welding. In practice, it is
often challenging to reach an acceptable phase balance with
less than 70 vol.% of ferrite during autogenous laser weldingTa
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of DSS. Therefore, the present study aims at finding practical
ways of improving austenite formation through the selection
of a suitable shielding gas and if needed combined with laser
reheating. The influence of shielding gas, pure argon and pure
nitrogen, and laser reheating was investigated in laser welding
of 1.5-mm thick FDX 27 DSS using light optical microscopy
complemented with thermodynamic calculations. The FDX
27 DSS is a relatively new alloy designed to improve the
formability of DSS, where the influence of welding on micro-
structure and properties has been little studied. The specific
characteristics of FDX 27 DSS such as high ductility and
formability rely on the transformation-induced plasticity ef-
fect [28, 29], requiring a sufficient austenite fraction. Hence,
ensuring sufficient formation of austenite during laser welding
is of great importance to expand the range of possible appli-
cations of this grade.

2 Material and method

2.1 Material and welding/reheating

In this study, 1.5-mm-thick FDX 27 (UNS S82031) lean DSS
sheets were welded and reheated by autogenous laser welding.
The chemical composition of the base material is given in
Table 2.

A schematic illustration of the welding and reheating
passes is shown in Fig. 1. An IPG Photonics YLR-6000 fiber
laser was used for both welding and reheating. The welding
was carried out with 2700-W laser power and a welding speed
of 30 mm/s. The focal lengths of the collimating lens and
focusing lens were 120 mm and 200 mm, respectively. The
fiber diameter was 600 μm, which produced a spot size of
1 mm on the plate surface. In reheating, while the optics were
the same as for welding, the power and the welding speed
were 550 W and 9 mm/s, respectively. In addition, the laser
beam focus was positioned 50 mm above the surface for
reheating passes. To investigate the effect of shielding gas
on both welding and reheating, either pure argon (100%) or
pure nitrogen (100%) was used as both shielding and backing
gas for welding and reheating. In the trailing shielding, the
shielding gas was maintained behind the laser and protected
the WM until it cooled down below approximately 100 °C.
The thermal cycles of welding and reheating passes were re-
corded by a thermocouple located on the backside of the sheet,

approximately 1.5 mm from the fusion zone. The four welded
samples are denoted as follows: Ar-as-welded, N2-as-welded,
Ar-reheated, and N2-reheated which refer to Ar-shielded
welding, N2-shielded welding, Ar-shielded welding followed
by Ar-shielded laser reheating, and N2-shielded welding
followed by N2-shielded laser reheating, respectively.

2.2 Microstructure analysis

Cross-sections of the as-welded and reheated samples were
ground, polished, and etched with modified Beraha reagent
(60 ml water, 30 ml HCl, 0.6–0.7 g potassium bisulfite) for
12–15 s [30]. A Zeiss Axio Imager.M2m optical microscope
was used to study the microstructures in both WM and HAZ.
The phase balance was measured by image analysis (IA) using
Image-Pro-9.2 software.

2.3 Estimation of nitrogen content

Measuring the nitrogen content of the WM with direct
methods was not feasible in this study. The extraction of
samples with a sufficient volume for LECO analysis by
drilling was not suitable due to the very narrow weld zone.
Nitrogen measurement using wavelength dispersive x-ray
spectrometry (WDS) was not expected to be accurate with
the available methodology, as in a recent study, Hosseini
et al. [12] obtained very scattered data with significantly
lower values for nitrogen content (0.08–0.20% N) com-
pared to that in the material certificate (0.27% N) for
2507 super DSS base metal. The nitrogen content of the
WM was, therefore, estimated with an indirect method. In
this technique, the 1.5-mm-thick and 30-mm-wide as-
welded samples were subjected to a 2-min heat treatment

Table 2 Chemical composition of the base material

C Si Mn P S Cr Ni Mo Cu N

FDX
27

0.03 0.42 1.09 0.024 0.001 20.0 2.8 1.20 0.33 0.186

Fig. 1 Schematic illustration and photo of the laser welding set-up and
configuration of gas protection by trailing shielding and backing gas
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in vacuum at 1100 °C in a Gleeble 3800 thermo-
mechanical simulator, to reach a near-equilibrium condi-
tion. In the following quenching, the water-cooled grips
reduced the temperature from 1100 to 800 °C in less than
4 s which is judged to be sufficiently fast to avoid signif-
icant changes in the phase fraction. In the next step, the
austenite fractions of the heat-treated samples were mea-
sured by image analysis. Then, the ferrite and austenite
fractions were calculated by the Thermo-Calc version
8.5.1.0017 software with the TCFE10 database at
1100 °C for nitrogen contents from 0 to 0.2 wt.%. In the
final step, WM nitrogen content was estimated by compar-
ing the obtained phase fraction after Gleeble heat treatment
and the phase diagram calculated with Thermo-Calc.

3 Results

3.1 Weld profile and thermal cycles

The thermal cycles recorded by the thermocouple and its sche-
matic location are shown in Fig. 2. There are two peak tem-
peratures, where the first one is for the welding pass and the
second one for the reheating pass. The diagram illustrates that
the first peak did not heat the location of the thermocouple as
much as the second one. Although the thermocouple recorded
higher temperatures in the second pass, no melting occurred
during reheating. It should also be mentioned that the welds
were cooled down below 50 °C before applying the laser
reheating.

Cross-sections of the four welds are shown in Fig. 3. The
laser welding was done with full penetration in conduction
mode. Both argon and nitrogen-shielded welds showed the
same weld geometry and appearance as the same laser param-
eters were used. Reheating altered the microstructure of the
WM and HAZ but did not affect the weld appearances as no
additional melting occurred.

3.2 Base metal microstructure

The microstructure of the wrought FDX 27 DSS consisted of
ferrite, austenite, and martensite as illustrated in Fig. 4.
Measuring the phase fractions by IA gives 36% ferrite. This
means it originally contained 64% austenite of which some
transformed to martensite either as a result of fabrication or
due to surface deformation during sample preparation [31]. It
can be noticed that this martensite has an etching response
similar to the ferrite when using the Beraha etchant.

3.3 Weld metal microstructure

According to the overall view of the weld in all samples
(Fig. 3), epitaxial growth from the fusion line towards the
center of the WM can be observed. The austenite fraction
increased by using pure nitrogen as shielding and backing
gas.

Figure 5 shows the microstructure of the WM at the center
of the fusion zone for the two welds in as-welded and reheated
conditions. The austenite fractions of the four welds are pre-
sented in Fig. 6. As may be seen, by changing the shielding
gas from argon to nitrogen, the austenite fraction of the weld
increased from 22 to 39% in the as-welded condition.
According to Fig. 6, reheating did not affect the austenite
fraction in the argon-shielded sample noticeably, but it
boosted the austenite fraction to 57% in the N2-shielded sam-
ple. It should be noted that the measured amounts include
martensite that has formed either as a result of welding-/
reheating-induced stresses or specimen preparation and are
therefore representative of the austenite formed at elevated
temperatures. The reheated microstructure in nitrogen-
shielded condition also underwent growth of primary austen-
ite such as intergranular (grain boundary), Widmannstätten,
and intragranular austenite. However, there was no evidence
of secondary austenite clusters. Measurement of austenite
fractions at the bottom, middle, and top locations of the WM

Fig. 2 Thermal cycle recorded by
the thermocouple located on the
backside of the plate
approximately 1.5 mm from the
fusion boundary. The welding
pass only heated the
thermocouple to 600 °C, while
the defocused beam used for
reheating heated the same
location to above 800 °C. The
weld was cooled down to below
50 °C before reheating
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confirmed the relatively homogeneous bulk distribution of
austenite in the weld zone.

Figure 7 illustrates the microstructure of the as-welded and
reheated samples close to the surface. Although the Ar-
shielded samples had almost no austenite at the surface, the
N2-shielded sample showed the same level of austenite at the
surface as in the bulk. The subsequent reheating also

promoted surface austenite formation which was not seen in
the Ar-shielded sample.

Higher magnification weld metal micrographs in Fig. 8a
and c show nitrides formed during welding. The Ar-shielded
weld had larger amounts of nitrides, and using nitrogen as
shielding and backing gas mitigated nitride formation.
Nitrides were still present in the Ar-reheated sample
(Fig. 8b) but were dissolved everywhere in the (surface, cen-
ter, and root) N2-reheated sample (Fig. 8d). As discussed ear-
lier, there are also some martensite grains inside the austenite
with a similar etching response as the ferrite.

3.4 Heat-affected zone microstructure

The heat-affected zone (HAZ) was also investigated in all four
conditions. Figure 9a shows the entire through-thickness HAZ
of the Ar-as-welded sample. It is difficult to precisely identify
the position of the fusion line in DSS laser welds. However, as
the purpose was comparing the effects of argon and nitrogen
shielding gas on the HAZ after the laser welding and
reheating, the same pattern was used to determine the position
of the HAZ in all four samples. The HAZ microstructure can
be seen in Fig. 9b at a higher magnification. The HAZ
underwent grain growth as a result of the high peak tempera-
ture near the fusion boundary. The austenite fractions were
measured in the entire HAZ as shown in Fig. 9a, and the
results are presented in Fig. 10. The austenite fraction in the

Fig. 3 Cross-sections of welds:
(a) Ar-as-welded, (b) Ar-
reheated, (c) N2-as-welded, and
(d) N2-reheated. Argon and
nitrogen shielding produced the
same weld geometry (center
width: 1.2 mm and area:
2.5 mm2), while nitrogen
shielding and reheating resulted
in higher austenite fractions.
Although a homogeneous bulk
and surface austenite distributions
can be seen in the N2-shielded
samples, nearly fully ferritic
surface regions were found in the
argon-shielded samples

Fig. 4 Microstructure of wrought FDX 27DSS plate material with ferrite,
austenite, and martensite. The martensite etching response is similar to
that of ferrite
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HAZ had a similar behavior as in the WM, such that reheating
and changing shielding gas from argon to nitrogen increased
the austenite fraction from 33 in the argon-as-welded condi-
tion to 59% in the nitrogen-reheated sample.

3.5 Estimation of nitrogen content

As explained in 2.3, a 2-min Gleeble heat treatment at
1100 °C was applied to the WM to provide time for austen-
ite formation reaching a near-equilibrium phase fraction.
Fick’s second law was employed to compute the expected

degree of nitrogen diffusion due to the gradient between the
WM and the HAZ.

C x; tð Þ−C0

Cs−C0
¼ 1−erf

xffiffiffiffiffi
Dt

p
� �

Fick’s second lawð Þ

Here t is the diffusion time (2 min), C(x, t) is the nitrogen
content at location x and time of t, Cs is the nitrogen content at
the fusion boundary (x = 0), and C0 is the initial WM nitrogen
content before diffusion. Some assumptions, based on the
approach presented in [12], were made such as ferrite being

Fig. 5 Microstructure (ferrite,
dark; austenite, bright; and
martensite, gray) of the weld
metal in (a) Ar-as-welded, (b) Ar-
reheated, (c) N2-as-welded, and
(d) N2-reheated conditions.
Nitrogen promoted austenite
formation during welding as well
as reheating

Fig. 6 Austenite fractions of the
WM after laser welding and
reheating of FDX 27 DSS with
pure argon or pure nitrogen as
shielding gas
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Fig. 8 High magnification light
optical micrographs of weldmetal
microstructures showing nitrides
in ferrite and somemartensite (red
broken arrows) formed in
austenite as a result of welding-
induced stresses and/or specimen
preparation. (a) Ar-as-welded, (b)
Ar-reheated, (c) N2-as-welded,
and (d) N2-reheated. Nitrogen
shielding and laser reheating sup-
pressed nitride formation

Fig. 7 Microstructure of the weld
metal close to the surface showing
an almost fully ferritic (dark
etching phase) surface region
microstructure in (a) Ar-as-
welded and (b) Ar-reheated sam-
ples. The austenite (white phase)
surface fraction in (c) N2-as-
welded and (d) N2-reheated con-
ditions was very similar to the
bulk fraction
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the only diffusion path. The BM nitrogen content of
0.186 wt.% was used for Cs and a low WM nitrogen content
of 0.1 wt.% for C0. The diffusion coefficient (D) was comput-

ed as D ¼ D0*exp
−Q
RT

� �
, where D0, Q, R, and T were

0.47 mm2·s−1, 18,300 cal·mol−1 (for ferrite), 1.987 cal·mol−1·
K−1, and 1373 K (1100 °C), respectively [32]. The resulting
nitrogen concentration profile is shown in Fig. 11a. By relat-
ing this diagram to the weld width at plate mid thickness
(Fig. 11b), it can be seen that the center of the WM (red
broken square) was largely unaffected by nitrogen diffu-
sion. The austenite content in this region can therefore be
used for estimation of nitrogen content.

The microstructures at the center of the argon- and
nitrogen-shielded WM after Gleeble heat treatment are

illustrated in Figs. 11c, d. The nitrogen contents estimated
by comparing the calculated equilibrium phase fractions and
phase balance obtained after Gleeble heat treatment at
1100 °C are shown in Fig. 12.

The dark blue dashed line represents the nitrogen content of
the BM as given in the material producers certificate of
0.186% and the equilibrium austenite fraction computed by
Thermo-Calc of around 64%. This is in good agreement with
the approximately 64% austenite measured by IA for the BM
(see 3.2 and Fig. 4) and illustrates the accuracy of the tech-
nique for estimation of nitrogen content. The nitrogen con-
tents of the samples were estimated to be 0.11 ± 0.01 wt.%
for Ar-as-welded and 0.16 ± 0.01 wt.% for N2-as-welded.
This indicated a nitrogen loss of around 0.03% in N2-shielded
and 0.08% in Ar-shielded welds as compared to the BM.

4 Discussion

In this section, welding and laser reheating thermal cycles and
their effects on the nitrogen content and microstructure of
FDX 27 DSS laser welds are discussed. The main focus is to
explain the importance of shielding gas and reheating on the
formation of the austenite in the WM and HAZ.

4.1 Thermal cycle and weld profile

The thermal cycles recorded by the thermocouple, located as
shown in Fig. 2, demonstrate that the welding cycle did not
heat the HAZ as much as the reheating cycle. As the purpose

Fig. 9 a The general shape of the HAZ in laser-welded FDX 27 DSS.
Higher magnification micrographs of the HAZ microstructure (location
shown by yellow square) are shown for (b) Ar-as-welded, (c) Ar-

reheated, (d) N2-as-welded, and (e) N2-reheated conditions. Ferrite, aus-
tenite, and martensite are dark, bright, and gray, respectively

Fig. 10 The heat-affected zone austenite fraction of laser-welded and
laser-reheated FDX 27 DSS using pure argon or nitrogen as shielding
gas. A clear effect of nitrogen shielding can be seen both in welding and
reheating
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of the first pass was welding, the laser beam was focused on
the surface of the samples, and consequently, it produced a
high-energy density to melt and weld the BM. The aim of the
second pass was, on the other hand, reheating without melting.
Therefore, the laser was defocused to heat a wider area includ-
ing the WM and the HAZ but without melting. Although the
exact reheating temperature in the weld zone was not mea-
sured, it was more than 800 °C based on the recorded peak
temperature in the HAZ. In DSS, the temperature range be-
tween approximately 800 to 1200 °C is where austenite for-
mation is most rapid [11, 33, 34]. Therefore, the laser

reheating produced the needed temperature cycle for austenite
formation.

Investigation of the weld profiles also showed that the
weld geometry was dictated by the laser welding param-
eters, which were the same for argon- and nitrogen-
shielded samples. The choice of shielding gas, therefore,
did not affect the geometry. Lai et al. [21] investigated the
effect of pure argon and nitrogen as well as their mixtures
as shielding gas in laser welding of 2205 DSS and ob-
served the same weld geometry regardless of shielding
gas. Bauer et al. [35] also indicated that there was no
difference between cross-sections of laser-welded DSS
shielded by argon and nitrogen with the same welding
parameters. In arc welding, in contrast, shielding gas has
a significant influence on the weld geometry, since the
ionization potential and thermal conductivity of shielding
gas can alter both arc shape and melt pool characteristics
[36, 37].

4.2 Nitrogen loss

To evaluate nitrogen loss, as explained in 2.3 and 3.5, an
indirect method was used to estimate the nitrogen content of
the weld metal. Compared to the initial nitrogen content of the
base metal, both Ar- and N2-shielded welds showed some
nitrogen loss, although significantly more pronounced for
Ar-shielded welds. Keskitalo et al. [20] also reported that
using nitrogen as shielding gas can to some extent limit the
nitrogen loss during laser welding.

Although nitrogen loss affects the phase balance in the bulk
of the weld, its influence is most obvious close to the surface

Fig. 11 (a) Calculated nitrogen
concentration profile after 2-min
heat treatment at 1100 °C. (b)
Weld metal profile and region
unaffected by nitrogen diffusion
(red broken square). (c) and (d)
Microstructure (ferrite, dark; aus-
tenite, bright; and martensite,
gray) of the WM in Ar-as-welded
and N2-as-welded samples after
2-min Gleeble heat treatment at
1100 °C

Fig. 12 Equilibrium austenite and ferrite fractions with the variation of
nitrogen content at 1100 °C calculated with Thermo-Calc. Weld metal
nitrogen contents were estimated by the correlation of measured austenite
fraction ranges (46 ± 2 and 58 ± 3) in the Gleeble heat-treated samples
with the equilibrium phase fractions of ferrite and austenite at 1100 °C

507Weld World (2021) 65:499–511



(see Fig. 7). This is of great importance since this will largely
dictate corrosion resistance properties [38, 39]. The absence of
austenite at the surface in both Ar-as-welded and Ar-reheated
samples is also a sign of severe nitrogen loss during laser
welding with argon. Nitrogen, however, as the shielding gas,
to some extent prevented nitrogen loss such that the surface
regions in N2-as-welded sample had an almost equal amount
of austenite as the bulk. As can be observed in Fig. 7,
reheating in the presence of nitrogen shielding gas promoted
even more austenite formation close to the surface.

4.3 As-welded microstructure

Rapid cooling combined with nitrogen loss can prevent
sufficient austenite formation in laser welding of DSS.
Nitrogen shielding, in the present study, significantly in-
creased the austenite formation in the as-welded condition
compared to argon shielding. As welding was done without
a filler metal, nitrogen was the only element differing be-
tween the two as-welded conditions. Other studies have
pointed out the importance of weld metal nitrogen content
for austenite formation [17, 40, 41]. The equilibrium phase
fraction diagrams of the two as-welded conditions, calcu-
lated by Thermo-Calc, are shown in Fig. 13. As may be
seen, the larger nitrogen loss in the argon-shielded weld
results in lower equilibrium austenite fractions and delays
the beginning of the solid-state transformation of ferrite to
austenite after solidification. In addition, faster diffusion at
higher transformation temperatures increases growth rate.
A higher nitrogen content has therefore, thermodynamical-
ly and kinetically, the potential to contribute to the forma-
tion of more austenite in the as-welded condition.

According to Fig. 8, by using nitrogen as shielding gas
rather than argon, the amount of nitrides was noticeably re-
duced. The lower nitrogen content of the Ar-as-welded sample
pushes the austenite formation start to lower temperatures
where diffusion is slower. The lower diffusion rate combined
with longer paths due to a lower austenite fraction causes
some of the nitrogen to be trapped at some distances from
austenite islands. As a result, ferrite becomes saturated in ni-
trogen which leads to the precipitation of nitrides. The addi-
tion of nitrogen via the shielding gas promotes the austenite
formation, which can, therefore, significantly decrease the
formation of nitrides.

Much research has in recent years focused on the effect of
shielding gas on austenite formation during laser welding of
DSS. Figure 14 displays a comparison between data from
literature [20, 21] and this study. The final austenite fraction
of the WM, as pointed out in the introduction, depends on
several factors including laser type, laser parameters such as

Fig. 13 Equilibrium phase diagrams for the weld metals after
experiencing nitrogen loss during laser welding. Nitrogen loss delays
austenite formation and decreases the equilibrium fraction of austenite.

A higher nitrogen content significantly increases the equilibrium austenite
fraction at the 1100 °C heat treatment temperature used for nitrogen
content estimation

Fig. 14 Comparison of weld metal austenite fractions achieved during
fiber laser welding of DSS in different studies. Nitrogen gas shielding
promotes austenite formation
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power, welding speed and spot size, grade of DSS, and its
thickness. However, compared to argon, using nitrogen as
shielding gas promotes the austenite formation (Table 1). It
can also be seen that the same level of austenite fraction can be
achieved in the laser-welded FDX 27 DSS as in the more
common DSS grade 2205 [21].

4.4 Microstructure in reheated condition

Laser reheating did somewhat unexpectedly not produce any
measurable increase of the austenite fraction for the argon-
shielded weld. However, the austenite fraction of the nitrogen-
shielded weld interestingly increased to 57% from 39%. This
change could be attributed to the higher nitrogen content of the
N2-shielded weld. As previously discussed, a low fraction of
austenite causes more nitride precipitation, and according to
Fig. 8, laser reheating noticeably reduced the fraction of nitrides
in the nitrogen-shielded weld. Reheating apparently dissolved
nitrides in the ferrite matrix, and the nitrogen from these helped
to form more austenite and to approach the equilibrium phase
fraction.

Comparing the austenite fractions of the as-welded, la-
ser-reheated, and the Gleeble heat-treated samples demon-
strated that for the nitrogen-shielded sample, laser reheating
promoted austenite formation to the same level as the
Gleeble heat treatment, i.e., 57%. However, laser reheating
did not significantly increase the austenite fraction of the
argon-shielded sample. The Gleeble heat treatment indicat-
ed that the Ar-as-welded sample had the potential to form
about 52 ± 2% austenite at 1100 °C. One reasonwhy the laser
reheating did not enhance austenite formationmight be that this
weld had more or possibly larger nitride particles needing a
longer time for dissolution. In addition, as a consequence of
the lower austenite content, nitrogen had a longer diffusion path
to the austenite (grain boundary, Widmanstätten, and
Intragranular), which would delay austenite growth. Further
investigations should be performed to demonstrate the effect
of these phenomena on the reheating behavior.

As may be seen in Fig. 4, the reheating brings about the
growth of primary austenite such as intergranular (grain
boundary), Widmannstätten, and intragranular austenite.
However, it did not create secondary austenite clusters, which
are a typical constituent in the reheated pass of multipass arc-
welded components. The reason could be that at high temper-
atures, the diffusion rate was relatively high, but undercooling
promoting nucleation was low, making the growth of primary
austenite easier than the nucleation and growth of secondary
austenite clusters. Hosseini et al. [33] also observed that the
growth of primary austenite was the prominent phenomenon
at high temperatures, but the formation of secondary austenite
clusters was more favored at lower reheating temperatures in
super duplex stainless steel welds. In addition to that, at the

reheating temperatures, secondary austenite precipitation may
need a longer time than the reheating period.

4.5 Heat-affected zone microstructure

According to Fig. 7, the HAZ had lower austenite fractions in
comparison with the BM. This is related to the rapid cooling
and possible nitrogen loss experienced by the HAZ during
laser welding. Varbai and Majlinger [42] considered the nitro-
gen diffusion from HAZ to the WM during welding of DSS.
Hosseini et al. [12] also confirmed nitrogen depletion in the
HAZ due to high-temperature diffusion and the presence of a
nitrogen gradient between the BM and theWM. Similar to the
WM, changing the shielding gas from argon to nitrogen in-
creased the HAZ austenite content from 33 to 43%. This can
be understood in terms of the higher nitrogen content in the
N2-as-welded sample creating a smaller concentration gradi-
ent causing nitrogen diffusion from HAZ into the WM. Also
similar to the weld metal behavior, reheating did not signifi-
cantly affect the austenite content in the HAZ of the argon-
shielded sample but increased HAZ austenite content of the
nitrogen-shielded sample. As in the WM, laser reheating dis-
solved nitrides in the nitrogen-shielded sample HAZ and
allowed nitrogen to diffuse and the system to move towards
equilibrium.

5 Conclusions

The effects of using pure argon or nitrogen as shielding and
backing gas and that of laser reheating were investigated in
laser welding of 1.5-mm-thick FDX 27 DSS. Characterization
of microstructures, measurements of austenite fractions, and
thermodynamic calculations demonstrated how shielding gas
and laser reheating contribute to austenite formation.

1- The as-welded austenite fraction increased from 22 to
39% when changing the shielding and backing gas from
pure argon to pure nitrogen.

2- Laser reheating increased the austenite fraction from 39 to
57% for the N2-shielded weld but did not have any mea-
surable effects when using Ar shielding.

3- The HAZ austenite fractions followed the WM trends
with a maximum austenite fraction of 59% in the reheated
nitrogen-shielded sample.

4- An almost fully ferritic microstructure was seen at the
surface of Ar-shielded samples, while the N2-shielded
samples had an acceptable distribution of austenite also
at the surface.

5- Nitrides were observed inWM and HAZ for both Ar- and
N2-shielding, but the amount was lower with N2-
shielding. Laser reheating produced a largely nitride-free
microstructure in the N2-shielding weld.
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6- Nitrogen contents of weld metals were evaluated from
calculated equilibrium phase diagrams and measured aus-
tenite fractions after equilibrating heat treatments at
1100 °C. The estimated contents were 0.16% for N2-
shielded and 0.11% for Ar-shielded welds, as compared
to 0.186% for the base metal.

7- Applying nitrogen as shielding gas in laser welding of DSS
followed by subsequent laser reheating can notably pro-
mote austenite formation and suppress nitride precipitation.
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a b s t r a c t

This paper aims at the phase identification and quantification in transformation induced

plasticity duplex stainless steel (TDSS) base and weld metal containing ferrite, austenite,

and martensite. Light optical microscopy (LOM) and electron backscatter diffraction (EBSD)

analysis were employed to analyze phases. Samples were either mechanically or electro-

lytically polished to study the effect of the preparation technique. Mechanical polishing

produced up to 26% strain-induced martensite. Electrolytic polishing with 150 g citric acid,

300 g distilled water, 600 mL H3PO4, and 450 mL H2SO4 resulted in martensite free surfaces,

providing high-quality samples for EBSD analysis. Martensite identification was chal-

lenging both with LOM, due to the similar etching response of ferrite and martensite, and

with EBSD, due to the similar lattice structures of ferrite and martensite. An optimized

Beraha color etching procedure was developed that etched martensite distinctively. A

novel step-by-step EBSD methodology was also introduced considering grain size and

orientation, which successfully identified and quantified martensite as well as ferrite and

austenite in the studied TDSS. Although here applied to a TDSS, the presented EBSD

methodology is general and can, in combination with knowledge of the metallurgy of the

specific material and with suitable adaption, be applied to a multitude of multiphase

materials. It is also general in the sense that it can be used for base material and weld

metals as well as additive manufactured materials.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Phase identification and quantification are important in

multiphase materials since the proportions of phases influ-

ence properties. This is for example reflected in the behavior

of duplex (ferritic-austenitic) stainless steel (DSS) where the

best mechanical properties and corrosion resistance are usu-

ally achieved for approximately equal amounts of ferrite and

austenite [1,2]. Welding and heat treatment, as important

stages of fabrication, affect the ferrite and austenite balance in

DSS [3]. Measurement of phase fractions is, therefore,

required to assure that the manufactured part meets re-

quirements [4,5]. Transformation induced plasticity (TRIP)

duplex stainless steel (TDSS) is a newly developed DSS, in

which the TRIP effect is employed to improve formability and

strength [6,7]. The benefit of the TRIP effect is achieved by

having a sufficient austenite fraction allowing deformation-
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induced martensitic transformation (DIMT) to occur during

forming [2,8]. This is attained by adjusting the austenite (g)

stability via tuning proportions of alloying elements and

controlling phase fractions, allowing subsequent austenite to

martensite transformation [8,9]. Therefore, the measurement

of phase fractions in TDSS subjected to processes such as

welding, additive manufacturing, and heat treatment is of

paramount importance.

Metastable austenite can transform to martensite during

cutting, grinding, and mechanical polishing since the surface

undergoes plastic deformation [10]. Metallography and mea-

surement of phase fractions are therefore challenging for

materials with metastable austenite. Rodelas et al. [11]

comparedmechanical polishingwith electrolytic polishing for

304L stainless steel welds and found that mechanical polish-

ing caused more than 11% martensite formation due to the

deformation-induced during mechanical grinding and pol-

ishing. Pinto et al. [12] also observed austenite to martensite

transformation during mechanical polishing of AISI 1520 and

1540 carbon steels and claimed that the retained austenite

content is highly dependent on the final preparation method.

Electrolytic polishing does not introduce any external stress or

deformation into the surface and therefore has two main

benefits compared to mechanical polishing [12]. Firstly, it

prevents deformation-induced phase transformation. Sec-

ondly, it produces a stress-free and smooth surfacewell suited

for electron backscatter diffraction (EBSD) analysis as the

quality is influenced by lattice defects and surface topography

[13].

In addition to the sample preparation, reliable data and

image acquisition techniques can be challenging in multi-

phase materials, such as TDSS steels and welds, containing

ferrite, austenite, and martensite. Light optical microscopy

(LOM) may often successfully be used to identify and quantify

different phases, but a proper etching method is the key to

distinguish various phases.

Nital etching [14] or color etching using Beraha [15] have

been applied to identify martensite in TRIP 690 and austenitic

AISI 301 steels, respectively. Beraha can also differentiate

ferrite and austenite in DSS [16]. However, the implementa-

tion of Beraha to contrast ferrite, austenite, and martensite

can be difficult as ferrite and martensite are colored very

similarly by this etchant. Hence, Beraha etching is not

straightforward for distinguishing these three phases in TDSS.

A scanning electron microscope (SEM) equipped with an

EBSD detector is well suited for the identification and quan-

tification of ferrite with a body centered cubic (bcc) and

austenite with a face centered cubic (fcc) structure [17]. In

TDSS, the metastable austenite can transform into two types

of martensite: (i) ε-martensite with a hexagonal close-packed

(hcp) crystal structure, and (ii) a'-martensite with a body

centered tetragonal (bct) crystal structure which is often

called bcc-martensite [8,18e20]. However, in the presence of

ferrite, EBSD identification of low carbon a'-martensite is

problematic. This is due to the low degree of tetragonality of

the martensite making the difference between the two lattice

structures less than the EBSD indexing capability. Separation

of ferrite and martensite with X-ray diffraction is also chal-

lenging, as the existence of martensite mainly broadens the

ferrite diffraction peaks [21]. Magnetic measurement using for

example FERITSCOPE is not practical for small welds and

cannot be used to differentiate between the two magnetic

phases; ferrite and martensite [22,23]. Therefore, the accurate

measurement of phase fractions is challenging for structures

containing a mixture of ferrite, austenite, and martensite.

The possibility of phase transformation of metastable

austenite during sample preparation and the complexities of

phase fraction measurement are two common obstacles in

phase analysis of multiphase steels. This is, for instance as

discussed above, the case for TDSS in which the contents of

ferrite, austenite, and martensite play vital roles in deter-

mining corrosion and mechanical properties. The formation

of martensite either during sample preparation or during

fabrication processes such as welding, forming, and heat

treatment as well as difficulties in distinguishing between

ferrite and martensite make the phase analysis of TDSS

troublesome. Therefore, in this study, a comprehensive

comparison of LOM and EBSD analysis of samples prepared by

mechanical and electrolytic polishing is presented to investi-

gate the weaknesses and benefits of each method. Two

methodologies capable of reliably identifying martensite in

ferritic-austenitic microstructures are introduced, one using

LOM and one using EBSD. It is illustrated that the LOM

methodology can contrast the different phases in TDSS by

fine-tuning the etching technique. However, the novel step-

by-step EBSD methodology can successfully identify and

quantify all phases, making it applicable to analyze the

microstructure of multiphase steels containing martensite

and ferrite.

2. Experimental

2.1. Material

Plates of FDX 27 (UNS S82031) TRIP DSS with the chemical

composition presented in Table 1 and the thickness of 1.5 mm

were used in this study. Two sampleswere used to investigate

the effects of the sample preparation technique on phase

analysis: base material (BM) and a sample firstly laser welded

and then laser reheated (WR) to promote austenite fractions

required for the application. The laser welding was performed

with the laser power of 2700W and the travel speed of 30mm/

s. The focal lengths of the collimating lens and focusing lens

were 120mmand 200mm, respectively. In the laser reheating,

the optics were similar to the welding, but the laser power and

travel speed were 550 W and 9 mm/s, respectively. The

welding was performed with a spot size of 1 mm on the plate

Table 1 e Chemical composition (wt.%) of FDX 27 TDSS.

C Si Mn P S Cr Ni Mo Cu N

FDX 27 0.03 0.42 1.09 0.024 0.001 20.0 2.8 1.20 0.33 0.186
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surface. For the reheating pass, however, the focus was posi-

tioned 50 mm above the surface. The shielding gas was pure

nitrogen in both laser welding and laser reheating. More de-

tails about welding and reheating procedures can be found in

Ref. [24].

2.2. Sample preparation and etching

As illustrated in Fig. 1, both the BM and WR samples were

prepared by first cutting and then grinding from 320# to 2500#.

After that, the samples followed two different polishing

routes: (i) mechanical polishing (MP) and (ii) electrolytic pol-

ishing (EP).

For mechanical polishing, 9 mm and 3 mm diamond sus-

pensions were used followed by 0.05 mm alumina suspension

polishing. The polishing time was 5 min for each step. The

applied load and the diameter of mounting were 25 N and

30 mm, respectively. Two different samples with and without

etching were produced to study the influence of polishing on

the phase analysis with optical and scanning electron mi-

croscopy (SEM)-EBSD. Different combinations of Beraha re-

agent compositions and etching times were applied to

investigate the effect of the etching procedure on martensite

characterization:

a. 60mL water, 30 mL HCl, 0.9 g potassium bisulfite for 8e10 s

b. 60 mL water, 30 mL HCl, 0.85 g potassium bisulfite for

10e12 s

c. 60 mL water, 30 mL HCl, 0.8 g potassium bisulfite for

12e15 s

d. 60 mL water, 30 mL HCl, 0.6 g potassium bisulfite for

10e12 s

In all experiments, the etching was done immediately (less

than 10 s) after mechanical polishing to suppress oxide for-

mation on the surface.

For electrolytic polishing or electropolishing, a set-up ac-

cording to Fig. 2 was employed. An electrolyte solution con-

sisting of 150 g citric acid, 300 g distilled water, 600 mL H3PO4,

and 450mL H2SO4 was used. This solution was selected as it is

less hazardous than conventional EP solutions containing

perchloric acid where there is a risk of explosion if not

handled correctly [25,26]. The EP was performed for 25 s at a

voltage and a current density of 15 V and 1 A/cm2, respec-

tively. To avoid pitting corrosion during EP, the electrolyte was

cooled by an ice bath to allow polishing at around 0 �C. It was

found beneficial to lightly shake the sample while polishing to

ensure continuous refreshment of the solution at the sample

surface.

2.3. Microstructure characterization

Microstructures were studied with both LOM and EBSD to

investigate the effect of sample preparation methods.

A Zeiss Axio Imager.M2m optical microscope was used to

study mechanically polished samples after etching and elec-

trolytically polished samples as polished. Phase fraction

measurements were performed by image analysis (IA) via the

open-access ImageJ software. In IA the contents of each phase

are estimated by pixel counting. The accuracy, therefore, de-

pends on the etching procedure and the quality of LOM im-

ages. In this study, four images were investigated for each

case to measure the average and standard deviation of phase

fraction.

EBSD analysis of WR samples after mechanical and elec-

trolytic polishing was performedwith a ZEISS Gemini SEM 450

equipped with a Symmetry S2 EBSD detector from Oxford

Instruments. The acceleration voltage, sample tilt angle, and

Fig. 1 e Sample preparation routes for light optical

microscopy and electron backscatter diffraction analysis

after mechanical or electrolytic polishing of BM and WR.

Fig. 2 e Electrolytic polishing procedure set-up. The

counter electrode and the sample were negative and

positive, respectively.
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theworking distancewere 20 kV, 70�, and 10mm, respectively.

The AZtecCrystal 1.1 software from Oxford Instruments was

used to analyze the EBSD results. EBSD mapping was per-

formed with step sizes of 0.48 mm and 0.63 mm for mechani-

cally and electrolytically polished samples, respectively.

3. Results

In this section, results of LOM and EBSD investigations of

mechanically and electrolytically polished samples are pre-

sented. We, first, illustrate how the sample preparation

method affects the martensite formation and how MP and EP

can be used to prepare high-quality samples for phase char-

acterization with LOM and EBSD. Then one LOM and one EBSD

methodology are introduced for martensite identification as

well as quantification.

3.1. Influence of sample preparation

3.1.1. Light optical microscopy evaluation
Low magnification cross-sections of the weld samples after

mechanical or electrolytic polishing are illustrated in Fig. 3. As

can be seen in Fig. 3-a, the bead geometry, ferrite (dark phase),

and austenite (light phase) are visible after MP followed by

color etching. However, Fig. 3-b demonstrates that EP is less

suitable for LOM characterization of the weld zone or phases,

at least at low magnification. This might be attributed to the

inefficiency of color etching after electrolytic polishing.

Micrographs of wrought FDX 27 TDSS after mechanical or

electrolytic polishing are shown in Fig. 4-a and -b, respec-

tively. The microstructure after MP consists of ferrite,

austenite, and martensite while the electropolished BM

microstructure has only ferrite and austenite. It is noticeable

that while MP together with etching resulted in a better

contrast between phases, EP was also able to contrast ferrite

and austenite enough to be quantifiable by IA. The mechani-

cally and electrolytically polished samples contained 36 ± 4%

and 37 ± 4% ferrite, respectively. The remaining was austenite

for the EP sample, while the MP sample consisted of 38 ± 2%

austenite and 26 ± 4% martensite.

Higher magnification micrographs of the laser welded and

laser reheating FD�27 TDSS after MP and EP in Fig. 5 shows

that, as for the BM, the mechanically polished sample, con-

tained ferrite, austenite, andmartensite while only ferrite and

austenite could be observed after electrolytic polishing. The

mechanically and electrolytically polished samples consisted

of 44 ± 2% and 46 ± 5% ferrite, and 38 ± 2% and 54 ± 5%

austenite, respectively. In addition, 18 ± 3% martensite was

formed by mechanical polishing.

Fig. 3 e Cross-sections of laser welded and laser reheated FDX 27 TDSS a) after mechanical polishing and subsequent

etching with Beraha and, b) after electrolytic polishing.

Fig. 4 e Light optical micrographs of FDX 27 TDSS. a) After mechanical polishing and etching with Beraha, showing ferrite,

austenite, and martensite and, b) after electrolytic polishing with only ferrite and austenite.
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3.1.2. Electron backscatter diffraction evaluation
In FDX 27 TDSS, austenite may transform tomartensite due to

the deformation [8] induced during the sample preparation.

Band contrast (BC) maps from EBSD analysis of the TDSS

welds after mechanical or electrolytic polishing are presented

in Fig. 6. The blue arrows in the BC map shown in Fig. 6-a

indicate that some scratches, or remaining below surface

deformation, remained after mechanical polishing, which

could affect the quality of EBSD analysis. On the other hand,

electrolytic polishing as seen in Fig. 6-b produced a surface

free from scratches and defects. The higher magnification BC

maps in Fig. 6-c and -d demonstrate that although there were

some strain patterns in the BC map of the mechanically pol-

ished sample, the electrolytic polishing made it possible to

produce high-quality EBSD images suggesting a uniform and

stress-free surface. The higher quality of BC images after EP is

reflected in the capability of the EBSD analysis software in

identifying the crystal structure, with 93.4% of points indexed

for MP and 96.4% for EP.

The EBSD analysis of the WR samples after either me-

chanical or electrolytic polishing is shown in Fig. 7. The mi-

crostructures afterMP or EP are presented as EBSDphasemaps

in Fig. 7-a and -b with bcc phase fractions of 69.1% for MP and

48.1% for EP samples. Inverse pole figures (IPF) of bcc after MP

and EP are illustrated in Fig. 7-c and -d. A comparison of theMP

and EP samples demonstrated that some small grains were

indexed as bcc inside the austenite aftermechanical polishing,

while such grains could not be found in the electrolytically

polished sample. The small bcc grains seen in Fig. 7-c had

different orientations than the larger surrounding ferrite grain.

Fig. 5 e High magnification light optical micrographs of the WR sample, a) after mechanical polishing and subsequent

etching with Beraha and, b) after electrolytic polishing.

Fig. 6 e EBSD band contrast map of FDX 27 TDSS welds after a) mechanical polishing (unindexed points: 6.6%) containing

scratches (blue arrows) and signs of surface deformation, and b) electrolytic polishing (unindexed points: 3.6%). c) patterns

suggesting strain effects after mechanical polishing and, d) a high-quality BC map after electrolytic polishing.
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The big grains were therefore interpreted as ferrite and the

small as martensite formed inside the austenite.

3.2. Martensite identification and quantification
methodologies

Methodologies for identification and quantification of major

phases, with a focus on martensite, in a TDSS weld are

presented.

3.2.1. Light optical microscopy
Four micrographs from the same region of the mechanically

polished WR sample after applying different Beraha etching

proceduresare shown inFig. 8. It shouldbenoted that although

they are from the same location, they are from slightly

differentdepths, as thesamplewasmechanically repolishedto

remove the effect of the previous etching. Itwas found that the

etching procedure using a Beraha reagent with the composi-

tion of 60mLwater, 30mLHCl, and 0.9 g potassiumbisulfite for

8e10 s was not successful in distinguishing martensite and

ferrite (Fig. 8-a). Changing the etchant composition to 60 mL

water, 30mLHCl, and 0.85 g potassiumbisulfite and increasing

etching time to 10e12 s improved the microstructure charac-

terization with revealing the boundaries between martensite

and ferrite or austenite. The color ofmartensite, however, was

similar to that of ferrite, making IA unreliable (Fig. 8-b).

Thereafter, decreasing the content of potassium bisulfite to

0.8 g and increasing etching time to 12e15 s, mademartensite

grains having a different color than ferrite and austenite.

However, some grain boundaries and the surrounding areas

were over-etched due to the relatively long etching time,

resulting in poor accuracy of phase fraction measurement

(Fig. 8-c). Finally, a Beraha reagent with the composition of

60 mL water, 30 mL HCl, and 0.6 g potassium bisulfite applied

for 10e12 s produced an etched microstructure with clearly

distinguishable colors of ferrite, austenite, and martensite,

making IA possible (Fig. 8-d).

3.2.2. Electron backscatter diffraction
A novel EBSDmethodology for phase identification and quan-

tificationofmicrostructureswithboth ferrite andmartensite is

introduced in Fig. 9. Differentiating between ferrite and low

carbon bct-martensite phases is, as discussed earlier, difficult

with EBSD. However, ferrite andmartensite can in TDSSwelds

be separated based on their grain size and grain orientation.

The methodology is explained using an EBSD phase map of a

microstructurewith ferrite, austenite, andmartensite fromthe

location studied by LOM in Fig. 8. The steps involved in the

identification and separation of themartensite from ferrite are

presented below and illustrated in Fig. 9.

1. An EBSD phase map is produced showing fcc austenite (g)

in blue, and bcc ferrite (d) andmartensite (a') in red in Fig. 9-

a. Unindexed points (6.6%) are shown in black.

2. Only the bcc phase is shown in color as an EBSD IPF map in

Fig. 9-b. Two different groups of bcc grains identified are

Fig. 7 e EBSD analysis after mechanical polishing (MP) and electrolytic polishing (EP) of FDX 27 TDSS welds. There was a

significant difference between phase fractions indexed as bcc afterMP and EP and small bcc grains inside austenitewere only

found after mechanical polishing. a, b) EBSD phase maps, and c, d) inverse pole figures (IPF) of bcc phase after MP and EP.
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apparent. Large grains identified as primary ferrite grains

and smaller grains inside the fcc (austenite). The smaller

grains are identified as martensite based on their location

inside austenite and from having a different orientation

compared to the large primary ferrite grains formed during

solidification.

3. Based on the grain size and grain orientation, the large bcc

grains (ferrite) are selected (Fig. 9-c).

4. The remaining small bcc grains are now defined as a'-
martensite phaseusing theAZtecCrystal software (Fig. 9-d).

5. The large bcc grains are considered as ferrite and are

shown in Fig. 9-e.

6. Finally, ferrite, austenite, and martensite are colored red,

blue, and yellow, respectively (Fig. 9-f). The separated

phases can then be quantified using the AZtecCrystal

software and the result showed phase fractions of 48.7%

ferrite, 31.5% austenite, and 13.2%martensite. The fraction

of 6.6% unindexed points (black) remained unchanged.

4. Discussion

4.1. Strain induced martensite

In stainless steel, metastable austenite can transform into

martensite due to applied stress or strain [27,28]. Strain-

induced martensite (SIM) forms during either bulk

deformation [20,29e33] or at the surface during mechanical

sample preparation [11,34,35] as found in this study. Two types

ofmartensite can be formeddue to the displacement of atomic

planes during deformation [36]: ε-martensite and/or a'-
martensite. The formation of ε- and/or a'-martensite is influ-

enced by the stability of austenite, governed by the austenite

chemical composition, and the degree of deformation. Tian

et al. [8] claimed that austenite in FDX 27 TDSS used in this

study, can transform tomartensite through either the g/ ε/
a' or the g/ a' paths. The path is determined by the degree of

strain applied to the austenite. During bulk deformation, the

strain and strain rate can easily be measured. Monitoring the

surface strain induced by sample preparation is not practically

possible, in particular when donemanually. However, Rodelas

et al. [11] argued that the local shear stress encountered during

grinding andmechanical polishing leading to the formation of

SIM is higher than during deformation of the bulk even during

necking. Therefore, the formation of a'-martensite is more

likely during mechanical sample preparation, which has also

been reported in different studies [6,8,11].

Themartensitic transformationduringmechanicalpolishing

was verified with the EBSD analysis presented in Fig. 7, and as

expected DIMT resulted in the formation of a'-martensite.

Although detecting small amounts of ε-martensite could be

challenging with EBSD analysis [8,33], the low amount of unin-

dexed points in EBSD analysis lent support to the absence of

significant amounts of ε-martensite in themicrostructure.

Fig. 8 e Microstructures of the WR FDX 27 TDSS after mechanical polishing followed by color etching with various Beraha

etchants to identify martensite. Yellow dashed ellipses indicate regions showing the difference between the performance of

various etchants. Beraha's reagent with the composition and time of 60 mL water, 30 mL HCl, and a) 0.9 g potassium

bisulfite for 8e10 s; unable to distinguishing ferrite and martensite, b) 0.85 g potassium bisulfite for 10e12 s; indicating

martensite boundaries without differentiating the color, c) 0.8 g potassium bisulfite for 12e15 s; over-etching of martensite,

and d) 0.6 g potassium bisulfite for 10e12 s; the clear difference in colors of ferrite, austenite, and martensite.
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4.2. Effects of surface preparation method

The results clearly showed that the sample preparation

method, in particular the choice of mechanical or electrolytic

polishing, affects the phase fractions and the quality and ac-

curacy of phase analysis in TDSS with both LOM and EBSD.

Using electrolytic polishing instead of mechanical polishing

can both prevent phase transformation during sample prep-

aration and produce a smooth and defect-free surface suitable

for EBSD analysis.

From the viewpoint of phase transformation, both LOM

and EBSD analysis suggested austenite to martensite

Fig. 9 e EBSDmethodology for martensite identification. a) EBSD phase map with bcc (ferrite andmartensite), fcc (austenite),

and unindexed points (black), b) EBSD IPF map of bcc phase with big grains representative of primary solidified ferrite and

small grains inside the austenite which are strain-inducedmartensite, c) big bcc grains (ferrite) are selected and removed, d)

remaining small ferrite grains are the a'-martensite phase, e) large bcc grains are ferrite, and f) EBSD phase map containing

ferrite (red), austenite (blue), and martensite (yellow) can now be shown as separate phases. The unindexed black points

(6.6%) remain unchanged.
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transformation during mechanical polishing. In LOM, the

microstructure of BM, as shown in Fig. 4, indicates that

martensite formed in austenite grains after mechanical pol-

ishing as a consequence of the near surface plastic deforma-

tion introduced. The same behaviour of the weld metal, as

seen in Fig. 5, provided compelling evidence that mechanical

polishing caused the formation of SIM. Quite contrary, no

martensite was seen after electrolytic polishing of neither BM

norWR, as illustrated in Figs. 4 and 5, which is in line with the

fact that electrolytic polishing does not introduce any surface

stresses or strains.

This result was also replicated in EBSD analysis of TDSS

welds, as there was a significant difference between the bcc

and fcc phase fractions after mechanical and electrolytic

polishing. The lower austenite fraction after mechanical pol-

ishing confirmed the austenite to martensite transformation.

The choice of mechanical and electrolytic polishing not

only affects the degree of DIMT but also has a significant effect

on the quality of EBSD analysis results. In EBSD, phase anal-

ysis is based on the monitoring of the Kikuchi patterns

generated by backscattered electrons [12]. In mechanical

polishing, the shear stress [11] applied on the surface to

remove material can affect the crystal structure close to the

surface, as illustrated in Fig. 6. However, in electrolytic pol-

ishing, a chemical reaction polishes the sample, resulting in a

strain-free crystal structure at the surface. Electrolytic pol-

ishing, therefore, as displayed in Fig. 6, led to a higher quality

of EBSD analysis thanks to providing a more uniform and

stress-free surface. This was also supported by the higher

number of indexed points in the EBSD analysis after electro-

lytic polishing, 96.4%, compared to 93.4% after mechanical

polishing.

In electrolytic polishing, perchloric acid is commonly used

as a component in the electrolyte during electrolytic polishing

[37e39]. In this study, however, it was replaced with another

electrolyte, as introduced in experimental, for safety reasons

[25,26]. During electrolytic polishing, there is a risk of pitting

as a consequence of a local etchingwhich should be prevented

to achieve a uniform electrolytically polished surface [40].

Reducing the temperature is an effective way to avoid pitting

during electrolytic polishing [37e39]. In this study, lowering

the electrolyte temperature to around 0 �C successfully sup-

pressed pitting. In conclusion, the current electrolytic pol-

ishingmethodology was found safe and simple, which did not

require special equipment.

Although electrolytic polishing is well suited for the prep-

aration of samples for EBSD analysis, it is not recommended

for LOM analysis, at least not samples for color etching. The

reason is that after electrolytic polishing, a passive layer forms

on the surface which suppresses a sufficient reaction of the

etchant with the polished surface [40e42]. The contrast be-

tween phases, consequently, decreases significantly in com-

parison with samples that could be etched after mechanical

polishing.

4.3. LOM and EBSD evaluation methodologies

In the current study,martensite formed as the consequence of

DIMT during mechanical sample preparation. Phase analysis

is therefore of great importance in steels such as TDSS as the

content of martensite plays a vital role in determining corro-

sion resistance and mechanical properties. Two methodolo-

gies, therefore, based on LOM and EBSD were employed to

identify and quantify martensite in the presence of ferrite and

austenite.

In LOM, the relatively similar response of martensite and

ferrite to the etching complicated phase fraction measure-

ments. The accuracy and reliability of phase analysis with IA

rely on defining a threshold separating phases in the image

with different colors or contrast after etching. As the Beraha

reagent can be modified and used with various compositions

to etch and characterize phases [16,43], four different com-

positions of Beraha reagent and etching time were employed

to maximize the contrast between ferrite, austenite, and

martensite. It is illustrated in Fig. 8 that the Beraha reagent

with a composition of 60 mL water, 30 mL HCl, and 0.6 g po-

tassium bisulfite and using an etching time of 10e12 s pro-

vided an etched microstructure with distinguishable ferrite,

austenite, and martensite (Fig. 8-d).

Although the implementation of this LOM methodology

made the phase measurement possible, there were two main

uncertainties in identification as well as the quantification of

the phases. Firstly, a slight color gradient of etched martensite

reduced the accuracy of quantification with IA. Secondly, the

identification of whether austenite transforms into

ε-martensite or a'-martensite is problematic with LOM. Based

on the analysis of four images the standard deviation for ferrite

was around 4e5%. This is slightly higher than found by, Hos-

seini et al. [16], in a study of the ferrite content welds in 2507

super DSS welds, stated that for a ferrite content of 68%, the

standard deviation of IA after etching with Beraha was 2.6%.

To address the problems and limitations of LOM evalua-

tion, a novel methodology based on the EBSD analysis was

developed to identify and quantify martensite in the presence

of ferrite and austenite. An EBSD phase map of the TDSS weld

is shown in Fig. 9-a, in which the fcc phase is austenite, and

the bcc phase is representative of both ferrite and martensite.

As EBSD identifies various phases according to their crystal

lattice structures, separating ferrite and austenite is straight-

forward owing to their bcc and fcc structures. However, both

ferrite (bcc) and a'-martensite (bct) are detected as the same

bcc phase with EBSD. The developed EBSD methodology,

therefore, is based on DSS having a ferritic solidificationmode

resulting in large primary ferrite grains, that the martensite is

formed from austenite and will be smaller in size and,

martensite having a different grain orientation. Solidification

of DSS is fully ferritic, and austenite forms in a solid-state

ferrite to austenite transformation [44e49] at ferrite/ferrite

grain boundaries as well as inside ferrite grains [50]. As a

result, austenite grains are much smaller than ferrite grains,

and hence martensite forming as a consequence of the TRIP

effect inside the austenite grains in TDSS [6,8,51] will also be

small. According to Fig. 9-b, the large bcc grains are therefore

primary ferrite grains, and the small bcc grains, are

martensite formed by DIMT. Using a bcc IPF map showing

grain orientations and grain size made the separation of big

bcc grains and smaller bcc grains (martensite) possible. In

Fig. 9, it is presented how the implementation of this 6-stage

methodology permits accurate identification and quantifica-

tion of ferrite, austenite, and martensite in TDSS.
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A comparison of applying the LOM and EBSD methodolo-

gies to the same region, but at slightly different depths as a

consequence of repolishing, is presented in Fig. 10. The EBSD

methodology is judged to have high accuracy and reliability

since phases were identified in each point and there is only a

low percentage of unindexed points. The LOM methodology

result (16% martensite) is comparable to that from the EBSD

analysis (13.2%martensite) as shown in Fig. 10 but is expected

to be of less accuracy for both identification and quantification

of martensite.

4.4. Final comments

Phase identification and quantification in multiphase steel

microstructures can be approached using either classical light

optical microscopy or using more recent electron microscopy

techniques. Which technique is the most suitable will of

course depend on the material and which phases that need to

be detected. A general recommendation from the present

study is that eithermechanical or electrolytic polishing can be

employed to prepare the surface for microstructural charac-

terization if surface deformation is not expected to introduce

phase transformations. More particularly:

� For LOM, mechanical polishing should be used if the

sample is to be color etched. However, the applicability of

electrolytic etching to electrolytically polished samples

would be worthwhile to explore although it was out of

scope for this study.

� In EBSD analysis, electrolytic polishing is preferable since it

provides a smooth and strain-free surface well suited for

EBSD analysis.

For steels containing austenite with low stability, only

electrolytic polishing is recommended as mechanical polish-

ing may affect phase fractions. Hence, EBSD analysis is the

best alternative for phase identification and quantification.

The martensite formation during mechanical sample prepa-

ration for the TDSS agreed with previous studies on steels

with metastable austenite [11,34,35]. An important question

for further studies is to investigate whether it would be

possible to modify the mechanical polishing procedure in

such a way that deformation-induced phase transformation

at the surface could be avoided.

There are many stainless steels and corresponding weld

metal grades that contain mixtures of at least two of the three

phases martensite, ferrite, and austenite. Using color etching

to distinguish phases is most probably possible for most of

these. However, as illustrated in 3.2.1 (identifying martensite

with LOM), this will require the adaption of the etching pro-

cedure for each specific case. The EBSDmethodology is, on the

other hand, more general. It is directly applicable to all DSS

base metals and welds as it is based on the ferritic solidifica-

tionmode of DSS, grain size and orientation. If combinedwith

knowledge of the metallurgy of other stainless grades it

should be possible to use for these as well, perhaps after some

modification of the individual steps. Moreover, as fabricated

components by some additive manufacturing processes, such

as wire-arc and -laser direct energy deposition, have micro-

structures similar to weld metals, application of this meth-

odology could also be applied for phase analysis of such

materials.

This research also provides a framework for future studies

to determine the general applicability of the EBSD methodol-

ogy to other materials if combined with the awareness of

metallurgical characteristics of multiphase material such as

solidification behavior, texture, grain size, grain orientation,

and morphology.

5. Conclusions

Samples from the base material and welds in a

transformation-induced plasticity duplex stainless steel with

metastable austenite, prepared by mechanical or electrolytic

polishing, were analyzed with LOM and EBSD. Methodologies

based on LOM or EBSD analysis for identification and quanti-

fication of martensite, ferrite, and austenite were developed

and compared. The conclusions are as follows:

Fig. 10 e Comparison of a) LOM and b) EBSD methodologies showing martensite formation in the same regions. Martensite

is colored grey in the LOM image and yellow in the EBSD image. Note that the images show the microstructure at slightly

different depths as the sample was repolished after EBSD to permit color etching for LOM.
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1. Mechanical polishing formed up to 26% strain-induced

martensite while no martensite was introduced by elec-

trolytic polishing.

2. Etching with the Beraha color etchant following mechani-

cal polishing was useful for LOM studies of weld geometry

and phase fraction quantification by image analysis.

3. Martensite could be identified by color etching after opti-

mization of the etchant and etching time, but quantifica-

tion was influenced by the procedure and image analysis

settings.

4. Electrolytic polishing at 0 �C, using an electrolyte with the

composition of 150 g citric acid, 300 g distilled water,

600 mL H3PO4, and 450 mL H2SO4 produced sufficiently

stress-free, flat surfaces, free of pitting well-suited for

high-quality EBSD analysis.

5. The surface characteristics of electrolytically polished

samples made successful color etching difficult.

6. A novel six-steps EBSD methodology, using knowledge

about the ferritic solidification of DSS and grain sizes and

orientations of ferrite and martensite, was developed for

the identification and quantification of martensite. The

approach was shown to identify andmeasure the fractions

of ferrite, austenite, and martensite reliably and

successfully.

7. The introduced EBSD methodology is general and is, with

some adaption, applicable to phase fraction analysis of

manymultiphasematerials if combinedwith knowledge of

the metallurgy of the specific material. It is also useful for

additive manufactured materials as well as base and weld

metals.
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Abstract: A systematic four-stage methodology was developed and applied to the Laser Metal
Deposition with Wire (LMDw) of a duplex stainless steel (DSS) cylinder > 20 kg. In the four stages,
single-bead passes, a single-bead wall, a block, and finally a cylinder were produced. This stepwise
approach allowed the development of LMDw process parameters and control systems while the
volume of deposited material and the geometrical complexity of components increased. The as-
deposited microstructure was inhomogeneous and repetitive, consisting of highly ferritic regions
with nitrides and regions with high fractions of austenite. However, there were no cracks or lack
of fusion defects; there were only some small pores, and strength and toughness were comparable
to those of the corresponding steel grade. A heat treatment for 1 h at 1100 ◦C was performed to
homogenize the microstructure, remove nitrides, and balance the ferrite and austenite fractions
compensating for nitrogen loss occurring during LMDw. The heat treatment increased toughness
and ductility and decreased strength, but these still matched steel properties. It was concluded
that implementing a systematic methodology with a stepwise increase in the deposited volume and
geometrical complexity is a cost-effective way of developing additive manufacturing procedures for
the production of significantly sized metallic components.

Keywords: additive manufacturing; duplex stainless steel; laser metal deposition; methodology;
mechanical properties; microstructure characterization

1. Introduction

Additive manufacturing (AM), commonly known as 3-dimensional (3D) printing,
refers to manufacturing processes that fabricate parts by adding layers on top of each
other [1,2]. It has opened doors for the fabrication of near-net-shape components with low
waste of materials, customized features, and complex geometries. Laser Metal Deposition
with Wire (LMDw) is an AM technique in which the wire is melted with a laser beam
and deposited layer-by-layer (bead-by-bead) to build a component. In LMDw, the imple-
mentation of a laser beam in combination with an advanced controlling system allows
appropriate monitoring and control of the process [3,4]. In addition to the low cost of
raw material (the wire) [5] and high material usage efficiency (up to 100%), LMDw has
provided the opportunity to reach comparatively high productivity [6] and is, therefore,
suitable for the production of full-size near-net-shape parts for industrial applications.
Preheating the wire feedstock using the hot-wire technique can be used to further increase
the deposition rate of LMDw [3], thereby improving productivity.

Duplex stainless steels (DSS) with a ferritic-austenitic microstructure offer high me-
chanical properties and excellent corrosion resistance [7]. They have, therefore, received
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much attention in different industries, including the petrochemical, oil and gas, pulp and
paper, desalination, and pollution control industries [8]. The optimum properties of DSS
are achieved for approximately equal fractions of ferrite and austenite. In laser AM of DSS,
the often high cooling rate can cause an excessive amount of ferrite and nitride formation.
In addition, the nature of AM processes, which consist in the deposition of layers on top
of each other, leads to the formation of secondary austenite in reheated layers, which can
degrade both mechanical and corrosion properties [9,10]. Nitrogen loss, moreover, restricts
sufficient austenite formation and can consequently affect phase balance in DSS [11,12].
Therefore, controlling the chemical composition and thermal cycles is vital in AM of DSS to
ensure a desirable microstructure. Post-process treatment, particularly post-heat treatment,
can also be used to achieve a balanced ferritic-austenitic microstructure and improve the
properties of additively manufactured DSS.

In recent years, there have been several studies on AM of DSS. Using powder bed
fusion, researchers have fabricated DSS parts with selective laser melting (SLM) [13–16].
In all cases, an excessive amount of ferrite was a problem in the microstructures of the
additively manufactured parts, and a post-heat treatment was necessary to balance ferrite
and austenite fractions. Wire-arc additive manufacturing (WAAM) of DSS has also attracted
widespread interest due to the affordable equipment and its high deposition rate [17–26].
Zhang et al. [22] observed an unbalanced microstructure with a high fraction of austenite
in WAAM of super DSS. In another study, it was reported the WAAM of 2209 DSS wire
led to the formation of more than 70% austenite [23]. In addition to the formation of a
high austenite fraction, WAAM lacks feature resolution and bead morphology control;
consequently, the manufactured parts need significant machining [27].

However, the potential of using LMDw in AM of DSS still remains largely unknown.
In addition, although there have been many studies on AM of DSS, no systematic and
generally applicable approach to the fabrication of real components has yet been addressed.
Recently, Valiente et al. [4] studied the production of a single-bead wall DSS by LMDw as
an initial stage of the work presented in more detail here. They produced a single-bead
wall and studied the microstructures in both as-deposited and heat-treated conditions.
In this study, a systematic four-stage methodology was developed and applied to the
production of a cylinder intended for industrial applications. The methodology included
the deposition of a single-bead pass, a single-bead wall, a block, and finally a cylinder, and
the aim was to systematically, step by step, increase the geometrical complexity and size of
the manufactured parts. For each step, the microstructure was evaluated, and the chemical
composition was analyzed. In addition, for the last two stages, the mechanical properties
in as-deposited and heat-treated conditions were studied. This approach made it possible
to systematically evaluate and control the effects of an increment both in the amount of
deposited material and in the heat treatment on the microstructures and properties. Finally,
a cylinder with an inner diameter of 160 mm and a thickness of 30 mm was successfully
produced and extensively tested.

2. The Systematic Four-Stage Methodology

By extending AM processes beyond rapid prototyping and into the manufacturing
of final products, manufacturing constraints should be less severe and design freedom
could be expanded [28]. A four-stage methodology, therefore, was developed to produce a
cylinder, intended for industrial applications, by LMDw.

The outline of this methodology, which demonstrates how both the volume of de-
posited material and geometrical complexity increase through the stages, is presented in
Figure 1. The aim and approach of each stage, as well as the testing strategy including the
evaluation performed in each stage, are described in Table 1.
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The results of the first and second stages were investigated in [3,4], and full details of
the studies of the block produced in stage 3 and the cylinder produced in stage 4 will be
within the scope of separate publications. In this paper, the application of the systematic
methodology is presented, and examples of microstructures, chemical compositions, and
mechanical properties leading up to the cylinder as the final components are presented.

3. Experimental
3.1. Materials

In all four stages, the substrates for material deposition were 10-mm thick duplex stainless
steel plates of type 2205 (UNS S322059). A solid wire duplex stainless steel of type 2209 (EN
ISO 14343-A: G 22 9 3 N L) with a 1.2 mm diameter was used as the feedstock in all stages. A
wire batch with a slightly different chemical composition was used in the fourth stage. The
chemical compositions of the substrate and wires are presented in Table 2.

Table 2. Chemical compositions of the plate and wire (wt.%).

C Si Mn P S Cr Ni Mo Cu N

Plate 0.016 0.32 1.77 0.027 <0.001 22.77 5.50 3.07 0.21 0.18
Wire-batch 1 0.016 0.45 1.45 0.016 0.001 23.23 8.62 3.29 0.04 0.16
Wire-batch 2 0.013 0.52 1.48 0.018 0.001 23.50 8.35 3.40 0.08 0.14

3.2. Laser Metal Deposition with Wire Setup

A picture of the LMDw setup [4] is shown in Figure 2. It includes a 6 kW Ytterbium-
doped fiber laser, a 6-axis robot from ABB, Sweden, a deposition tool with laser optics,
a wire feeder, a control system, and actuators. A programmable logic control (PLC) was
used to control the deposition during the fabrication of components. The wire feed system
was also equipped with hot-wire technology, in which an electrical current is used to
resistively pre-heat the wire and thereby increase the deposition rate. An electrical power
source regulated the current and the voltage for pre-heating and was controlled by online
monitoring. The hot-wire control system aims to maintain a specific resistance to ensure a
stable metal transfer, good wettability, and dimensional control. More details about the
LMDw setup can be found in [3].
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The additively manufactured components were built with this setup for all four stages.
In the following section, the procedure used in the LMDw of the cylinder is explained in
more detail.

The additively manufactured components were built with this setup for all four stages.
A description of the procedure used in the LMDw of the cylinder is explained in more
detail in Section 4.1.

3.3. Heat Treatment

The additively manufactured block and cylinder were investigated in as-deposited
and heat-treated conditions. The heat treatment was conducted in a furnace equipped with
a thermocouple to measure and control the heat treatment temperature. Heat treatment
was performed for 1 h after reaching 1100 ◦C in an air atmosphere, and the sample was
then cooled by water quenching. The heat treatment procedure was selected to achieve a
balanced content of ferrite and austenite [29], to ensure the dissolution of nitrides, and to
avoid sigma formation.

3.4. Testing and Characterization

Microstructures of the single-bead pass, single-bead wall, block, and cylinder were
studied by light optical microscopy. Cross-sections of additively manufactured parts were
prepared for optical microscopy as presented in [30] and etched with modified Beraha. A
Zeiss Axio Imager.M2m optical microscope was used to study the microstructures of the
single-bead pass, single-bead wall, block, and cylinder. Phase fraction measurements were
performed by image analysis (IA) via the open-access ImageJ software.

The chemical compositions of the additively manufactured components in the last
two stages were analyzed by optical emission spectroscopy (OES). Nitrogen content, in
addition, was measured by combustion analysis in all stages.

For evaluation of mechanical properties in the last two stages, tensile and Charpy
impact toughness tests were performed on samples machined from the block and the
cylinder in as-deposited and heat-treated conditions. The tensile tests were performed at
room temperature according to EN ISO 6892-1. For the block, four tensile samples were
extracted only parallel to the deposition direction while for the cylinder, three samples
were machined, both parallel and perpendicular to the deposition directions. Charpy
impact testing was performed at −10 ◦C according to EN ISO 148-1. For both block and
cylinder, impact test specimens were extracted parallel and perpendicular to the deposition
directions. The results are presented as the average of two and four tested samples for the
block and cylinder, respectively.

4. Results

In this chapter, the outputs of the four-stage methodology are introduced, and it is
shown how the knowledge gained from each stage is implemented in the following stage.
Then, microstructures and results from chemical analysis, as well as mechanical testing,
are presented.

4.1. Material Produced by the Four-Stage Methodology

The laser metal deposited duplex stainless steel parts, produced by LMDw in the four
stages, are presented in Figure 3.
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Visual inspection and light optical microscopy of cross-sections of the additively
manufactured single-bead pass, single-bead wall, block, or cylinder (Figure 4) showed no
signs of lack of fusion and only a few very small pores.
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Stage 1: In the first stage, several single-bead passes were deposited with a length
of 110 mm and a weight of around 3.5 g. Online data monitoring during the deposition
revealed that the implementation of a pre-heated wire allows fine-tuning of the heat
input. Wire pre-heating, in addition, improves process stability and minimizes the risk
of formation of lack of fusion defects. More details about the single-bead deposits can be
found in [3].

Stage 2: In the second stage, a single-bead wall was produced. Here, the height of the
AM part increased to around 8 mm by the deposition of 10 layers on top of each other, and
the deposit weight was 35 g. Successful control of the melt pool volume by adjustment
of wire feed speed, wire preheating, welding speed, and laser power made it possible to
produce a wall with vertical flat surfaces free from visible defects between layers. Chemical
analysis, however, showed that some nitrogen loss occurred [4].

Stage 3: In the third stage, a block was produced with a significantly larger number of
beads and layers. In this stage, the block consisted of 60 layers with 8 parallel beads in each
layer—480 beads altogether. The weight of the additively manufactured block increased
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more than 70 times compared to the 2nd stage and was near 2.5 kg. As for the single-bead
wall, some nitrogen loss occurred, but the nitrogen content was sufficient to reach a suitable
phase balance after heat treatment. Mechanical testing, moreover, revealed that the LMDw
block fulfilled the required properties. On the other hand, heat accumulation elevated the
temperature of the manufactured part during LMDw. As a consequence, several stops
had to be made during the building of the block, which increased the production time and
disrupted the continuity of the manufacturing. Therefore, it was found that a method of
cooling the component during production was essential to avoid excessive temperature
build-up and provide stable production conditions.

Stage 4: Finally, in the fourth stage, as illustrated in Figure 5, the laser metal deposition
of the cylinder was conducted with two sections: an inner section and an outer one. First,
an inner tube-shaped section, acting as the substrate for the outer section, was deposited
on a 2205 DSS plate substrate. For the inner tube section, after each complete circular layer,
the substrate shifted in the Z direction for the deposition of a new layer for all 160 layers.
In addition to acting as the substrate for the deposition of the second section, the inner
tube section allowed the implementation of an internal water-cooling system during the
LMDw of the outer section. The water-cooling system worked by circulation of the cold
water inside the inner section of the cylinder. In this way, the part could be produced
continuously, eliminating the need for unwanted cooling stops. Before depositing the
outer section, the inner section was turned 90 degrees. Fabrication was performed by the
deposition of 35 passes parallel to each other in 26 layers. The process parameters used for
the production of the LMDw cylinder are listed in Table 3.

Materials 2021, 14, x FOR PEER REVIEW 8 of 21 
 

 

 
Figure 5. Steps in additive manufacturing of the cylinder. The circular deposition was used to 
build the inner section, which was used as the substrate for the LMDw of the second (outer) sec-
tion. The first section also provided the possibility of using a water-cooling system. The deposition 
of the second section was perpendicular to the first deposition direction. 

Table 3. LMDw process parameters. 

Laser power (W) 3500 
Wire feed rate (m/min) 2 

Deposition speed (mm/s) 10 
Focal length (mm) 300 
Wavelength (nm) 1040 

Spot size (mm) 3 
Shielding gas Argon 

Hot-wire voltage (V)–Average value 1.5 V in the first layer and 1 V in the subse-
quent layers 

Hot-wire current (A)–Average values ~100 A in the first layer and ~70 A in the sub-
sequent layers 

4.2. Microstructure 
In this section, a comparison of the microstructures of the single-bead pass, single-

bead wall, block, and cylinder in different locations and conditions are presented. 

4.2.1. Last Bead and Reheated Bead Microstructures 
In this section, the DSS microstructures of the last bead and the microstructures after 

reheating, due to deposition of the following beads and layers, are presented.  
As illustrated in Figure 6, the last bead microstructures of 2205 duplex stainless steel 

consist of grain boundary, Widmanstätten, and intragranular austenite on the ferritic ma-
trix. In the last deposited bead, all austenite grains are primary since they were formed 
during solidification and have not experienced any additional reheating cycles. According 
to the formation mechanism, two types of austenite can form in DSS—primary austenite 

Figure 5. Steps in additive manufacturing of the cylinder. The circular deposition was used to build
the inner section, which was used as the substrate for the LMDw of the second (outer) section. The
first section also provided the possibility of using a water-cooling system. The deposition of the
second section was perpendicular to the first deposition direction.
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Table 3. LMDw process parameters.

Laser power (W) 3500

Wire feed rate (m/min) 2

Deposition speed (mm/s) 10

Focal length (mm) 300

Wavelength (nm) 1040

Spot size (mm) 3

Shielding gas Argon

Hot-wire voltage (V)–Average value 1.5 V in the first layer and 1 V in the subsequent layers

Hot-wire current (A)–Average values ~100 A in the first layer and ~70 A in the subsequent layers

The cylinder was fabricated by deposition of more than 1000 beads and the weight of
the deposited material was more than 20 kg. The significantly higher volume of deposited
material, greater complexity, and a continuous process were three main goals in the produc-
tion of the cylinder. This was successfully achieved by employing the systematic four-stage
methodology.

4.2. Microstructure

In this section, a comparison of the microstructures of the single-bead pass, single-bead
wall, block, and cylinder in different locations and conditions are presented.

4.2.1. Last Bead and Reheated Bead Microstructures

In this section, the DSS microstructures of the last bead and the microstructures after
reheating, due to deposition of the following beads and layers, are presented.

As illustrated in Figure 6, the last bead microstructures of 2205 duplex stainless steel
consist of grain boundary, Widmanstätten, and intragranular austenite on the ferritic matrix.
In the last deposited bead, all austenite grains are primary since they were formed during
solidification and have not experienced any additional reheating cycles. According to the
formation mechanism, two types of austenite can form in DSS—primary austenite and
secondary austenite. Duplex stainless steels solidify fully ferritic and primary austenite
forms on cooling in a solid-state transformation of ferrite to austenite at ferrite/ferrite
grain boundaries, as well as inside the ferrite grains [31,32]. Secondary austenite forms
during additional reheating cycles. In ferritic regions, clusters of small black precipitates
can be observed which are interpreted as chromium nitrides [11,33,34]. Although the last
deposited bead of the single-bead wall, block, and cylinder had highly ferritic microstruc-
tures, reheating increased austenite fractions considerably. In the last deposited bead of
single-bead walls, the austenite fraction was 23 ± 3%, which increased to 40 ± 4% in the
reheated bead due to deposition of the next bead. The increment of austenite fraction
was due to the growth of primary austenite and the formation of secondary austenite.
In the production of the block, the last bead and the reheated bead had 16 ± 2% and
52 ± 3% austenite, respectively. The last deposited bead in the cylinder had a nearly fully
ferritic microstructure with only 2% austenite found at the ferrite/ferrite grain boundaries.
Reheating increased the austenite fraction up to 33 ± 3% as the result of the growth of
grain boundary austenite, as well as the formation of Widmanstätten and intragranular
secondary austenite.
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Figure 6. Light optical microscopy of LMDw components. The microstructures of a single-bead pass
and of last deposited and underlying beads in a single-bead wall, block, and cylinder. Samples were
etched with modified Beraha, showing ferrite as the dark and austenite as the bright phase. Growth
of primary austenite and formation of secondary austenite are seen in the reheated beads.
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4.2.2. As-Deposited and Heat-Treated Bulk Microstructures

The microstructures of the laser metal deposited block and cylinder in as-deposited
and heat-treated conditions are shown in Figure 7. In the as-deposited condition, the
microstructures were inhomogeneous (see also Figure 6) and included various regions
such as highly ferritic areas, regions with a high fraction of secondary austenite, and areas
with a combination of both primary and secondary austenite. The inhomogeneity of the
as-deposited microstructure was most pronounced in the cylinder. After heat treatment
at 1100 ◦C for 1 h, however, the microstructure was homogeneous with relatively equal
fractions of ferrite and austenite. The austenite fractions were 51± 2% and 50± 1% for
the heat-treated block and cylinder, respectively. Heat treatment caused the growth and
coarsening of both primary and secondary austenite.

Materials 2021, 14, x FOR PEER REVIEW 11 of 21 
 

 

4.2.2. As-Deposited and Heat-Treated Bulk Microstructures 
The microstructures of the laser metal deposited block and cylinder in as-deposited 

and heat-treated conditions are shown in Figure 7. In the as-deposited condition, the mi-
crostructures were inhomogeneous (see also Figure 6) and included various regions such 
as highly ferritic areas, regions with a high fraction of secondary austenite, and areas with 
a combination of both primary and secondary austenite. The inhomogeneity of the as-
deposited microstructure was most pronounced in the cylinder. After heat treatment at 
1100 °C for 1 h, however, the microstructure was homogeneous with relatively equal frac-
tions of ferrite and austenite. The austenite fractions were 51± 2% and 50± 1% for the heat-
treated block and cylinder, respectively. Heat treatment caused the growth and coarsen-
ing of both primary and secondary austenite. 

 
Figure 7. Light optical micrographs of LMDw block and cylinder microstructures. (a,c): As-depos-
ited microstructures including highly ferritic areas and regions with a high fraction of austenite. 
(b,d): Heat-treated microstructure with a homogeneous distribution of ferrite (dark phase) and 
austenite (bright phase). Heat treatment homogenized the microstructure and balanced ferrite and 
austenite fractions. 

Figure 7. Light optical micrographs of LMDw block and cylinder microstructures. (a,c): As-deposited
microstructures including highly ferritic areas and regions with a high fraction of austenite. (b,d): Heat-
treated microstructure with a homogeneous distribution of ferrite (dark phase) and austenite (bright
phase). Heat treatment homogenized the microstructure and balanced ferrite and austenite fractions.
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The 3D microstructures of the LMDw block and cylinder in both as-deposited and heat-
treated conditions are shown in Figure 8. For both the block and the cylinder, the repetition
of highly ferritic and highly austenitic layers shows the inhomogeneous microstructures
in the as-deposited condition. After heat treatment, however, there is no layer-by-layer
microstructure, and a homogeneous distribution of ferrite and austenite is seen in both
block and cylinder.
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Figure 8. The 3D microstructures of laser metal deposited block and cylinder produced by light
optical microscopy. (a) As-deposited block, (b) heat-treated block, (c) as-deposited cylinder, and
(d) heat-treated cylinder. An inhomogeneous microstructure in as-deposited condition and homoge-
neous distribution of ferrite (dark) and austenite (bright) after heat treatment is shown.

4.3. Chemical Analysis

The nitrogen content measurements of the four stages, as presented in Table 4, revealed
that nitrogen loss occurred during duplex stainless steel LMDw regardless of the size and
shape of the fabricated parts. It can also be seen that, by increasing the volume of deposited
material, the nitrogen content reached the stable amount of 0.11 wt.%. Optical emission
spectroscopy analyses of the block and cylinder in Table 5, however, show that the contents
of other elements were similar after stages three and four with differences directly related
to the composition of the two wire batches used (Table 2).

Table 4. Nitrogen measurement of as-deposited LMDw samples by combustion analysis.

Sample Single-Bead Pass Single-Bead Wall Block Cylinder

Nitrogen (wt.%) 0.14 0.11 0.11 0.11
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Table 5. Chemical composition of the additively manufactured components analyzed by optical
emission spectroscopy (OES).

C Si Mn P S Cr Ni Mo Cu V

Block 0.022 0.45 1.46 0.016 0.002 23.22 8.48 3.17 0.04 0.08
Cylinder 0.014 0.48 1.42 0.018 <0.002 23.54 8.30 3.32 0.06 0.05

4.4. Mechanical Properties

The results of Charpy testing at −10 °C for samples with a notch both parallel to and
perpendicular to the deposition direction in both as-deposited and heat-treated conditions
are presented in Figure 9. For both block and cylinder, the heat-treated specimens had
higher impact toughness energies compared to the as-deposited condition. In addition, in
both block and cylinder, the samples with a notch perpendicular to the deposition direction
had higher impact toughness energies in as-deposited and heat-treated conditions.
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Figure 9. The Charpy impact toughness energy of DSS block and cylinder. Samples with notch
perpendicular and parallel to the deposition direction. A notch perpendicular to deposition direction
and heat treatment resulted in higher impact energies.

The results of tensile testing, including average yield strength, ultimate tensile strength,
and elongation for the block and cylinder in as-deposited and heat-treated conditions, are
presented in Figure 10. In tensile tests, samples parallel to the deposition direction of
the block and specimens parallel and perpendicular to the deposition direction of the
cylinder had almost similar tensile behavior. For both block and cylinder, the average yield
strengths were between 706 and 749 MPa in as-deposited condition. After heat treatment,
however, the average fell to 487–528 MPa. The average ultimate tensile strengths were
between 833 and 858 MPa and between 745 and 758 MPa in as-deposited and heat-treated
conditions, respectively. The average elongation increased from 21–26% to 32–34% after
heat treatment.
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Figure 10. Tensile test results. (a) Yield strength, (b) ultimate tensile strength, and (c) elongation of
block and cylinder in as-deposited and heat-treated conditions.

4.5. Thermodynamic Calculations

Nitrogen loss affects the phase balance of duplex stainless steels and lowers the austenite
formation start temperature in these alloys. Therefore, the equilibrium phase diagram for the
chemical composition of the laser metal deposited components was calculated by Thermo-
Calc to find the appropriate heat treatment temperature. As can be seen in Figure 11, at
around 1100 ◦C, the equilibrium ferrite and austenite fractions are approximately 50%.
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5. Discussion

The stepwise four-stage methodology made it possible to achieve a stable and consis-
tent LMDw process to successfully manufacture a high-quality near-net-shape cylinder
with properties suitable for industrial applications.

In this section, the quality, nitrogen loss, microstructures, and mechanical properties of
the material produced by LMDw in as-deposited and heat-treated conditions are discussed.
After that, the applicability of the four-stage methodology is commented on.

5.1. Deposit Quality

One of the main challenges in the laser deposition, and the AM in general, of metallic
materials is minimizing the occurrence of defects as these tend to act as crack initiation
sites [35]. For example, experience from laser cladding has shown that avoiding formation
of defects such as pores, cracks, and poor/lack of fusion can be a challenge [36]. However,
previous studies using laser metal deposition with stainless steel wire have demonstrated
that high-quality products can be fabricated without defects such as porosity, cracks, and a
lack of fusion [5,37]. This is in line with the findings of the present study, where the only
defects found were a few small pores.

5.2. Nitrogen Loss

Chemical analysis in all stages revealed that nitrogen loss happened during the LMDw
of duplex stainless steel components. In the production of the cylinder, the nitrogen content
was 0.11 wt.% as for the block and single-bead wall [4]. Hosseini et al. [17] suggested that it
is expected to have more nitrogen loss in AM compared to welding. However, the nitrogen
loss in the laser metal deposited cylinder is lower than the nitrogen loss reported in laser
welding of DSS [12].

Since nitrogen is a strong austenite former, its loss can significantly affect the phase
balance and properties of DSS components. In addition to nitrogen, nickel content also
influences the phase balance and, subsequently, the properties of DSS products [38,39].
Therefore, based on thermodynamic calculations for the chemical composition of the
LMDw components, the heat treatment temperature of 1100 °C was selected in which
fractions of ferrite and austenite were around 50%. As results showed, despite the nitrogen
loss, the combination of the increased nickel content of the wire and the heat treatment
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successfully produced a well-balanced microstructure with nearly equal fractions of ferrite
and austenite.

5.3. Microstructure

In the manufacturing of duplex stainless steel components, microstructure control
is of great importance since the best combination of mechanical properties and corrosion
resistance usually comes by approximately equal fractions of ferrite and austenite [40,41].

5.3.1. As-Deposited

Rapid cooling limits austenite formation during the manufacturing of DSS components
as illustrated by the microstructures of last deposited beads for single-bead pass, single-
bead wall, block, and cylinder in Figure 6. This behavior was also observed in laser welding
of duplex stainless steel [42]. Due to the rapid cooling, ferrite also became supersaturated
by nitrogen, and consequently, nitrides formed in highly ferritic regions on cooling and
reheating. In the single-bead wall, the heat conduction was only possible in the build
direction, while in the block, the heat conduction occurred in two directions which resulting
in a higher cooling rate. In the cylinder, the significantly higher cooling rate due to the
implementation of a water-cooling system led to the negligible formation of austenite
in as-deposited condition. However, additional reheating and cooling cycles provided
sufficient time at elevated temperatures for nitrogen diffusion and austenite formation via
the growth of primary grain boundary, Widmanstätten, and intragranular austenite and
the formation and growth of secondary austenite [43–45].

The addition of layers on top of each other and multiple reheating cycles resulted in a
complicated but periodically repetitive microstructure which has also been observed in
multipass welding [45,46]. The repetitive microstructure of duplex stainless steel during
additive manufacturing was also observed by Posch et al. [19] and Lervag et al. [20] in
WAAM of DSS.

5.3.2. Heat-Treated

Heat treatment homogenized the microstructure and balanced the ferrite and austenite
fractions with approximately equal fractions of these phases. It should be noted that, as
shown in Figure 11, the heat treatment temperature was selected to give slightly higher
austenite than ferrite content to compensate for the fact that the material is unlikely to
fully reach the equilibrium condition during heat treatment. Hengsbach et al. [16] also
found that heat treatment can significantly promote austenite formation in additively
manufactured DSS components.

Moreover, heat treatment effectively as expected dissolved nitrides since ferrite and
austenite are the only stable phases at 1100 ◦C (Figure 11). Heat treatment also caused a
coarsening of the grain boundary, the Widmanstätten, and especially the intragranular
austenite. In addition to the growth after heat treatment, intragranular austenite had a
globular morphology, contrary to the angular morphology found in as-deposited condition.
This is in line with the results of heat-treated duplex and super duplex stainless steel [29,47].

5.4. Mechanical Properties

In tensile testing, the similar behaviors of specimens oriented parallel to and per-
pendicular to the deposition direction demonstrate the isotropy of the tensile properties
in this additively manufactured component. This was in contrast with the results of
Zhang et al. [23] who reported up to 11% anisotropy of tensile properties in WAAM with a
2209 DSS wire.

The decrease in strength and increase in elongation after heat treatment is in the line
with observations for selective laser-melted 2205 DSS powder [14]. In their study, 45%
and 24% reductions in yield and ultimate tensile strengths, after 1 h heat treatment at
1050 °C, were observed. It should be noted that the tensile properties are high even after
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heat treatment. This is attributed to the fine microstructure of the additively manufactured
components, which is retained after heat treatment.

Heat treatment increased impact toughness energy up to 17% since, as explained in the
previous section, it homogenized the microstructure and removed nitrides. Specimens from
both block and cylinder with the notch perpendicular to the deposition direction had up
to 39% higher impact toughness energies than those with a parallel orientation (Figure 9).
This is attributed to the orientation of grain boundary austenite along the build direction as
the result of the epitaxial growth of ferrite. The epitaxial growth of ferrite grains along the
build direction was also observed by Hengsbach et al. [16] in AM of duplex stainless steel by
SLM. The anisotropy of mechanical properties parallel and perpendicular to the deposition
direction was also reported by Zhang et al. [22] in WAAM of super DSS.

5.5. Additive Manufacturing of Duplex Stainless Steel Components

It has been demonstrated in this and other studies that additive manufacturing can be
used to build DSS components, although achieving a desired microstructure and properties
can be a challenge, as discussed in the introduction [13–18,23–26]. Figure 12 summarizes
some important factors during production, the tools available to predict the resulting
microstructure, and important properties that need to be controlled.
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DSS.  

5.5. Additive Manufacturing of Duplex Stainless Steel Components  
It has been demonstrated in this and other studies that additive manufacturing can 

be used to build DSS components, although achieving a desired microstructure and prop-
erties can be a challenge, as discussed in the introduction [13–18,23–26]. Figure 12 sum-
marizes some important factors during production, the tools available to predict the re-
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stock material. 

Figure 12. Important factors in additive manufacturing of duplex stainless steel components. The
properties of DSS components are dictated by their microstructure, which is controlled by the chemical
composition and thermal cycles. Reaching required properties and avoiding defects require implemen-
tation and control of appropriate process parameters and the use of suitable feedstock material.

Several factors are important in AM of DSS, as listed in Figure 12. To begin with, from
the viewpoint of the process, it is important to design a system that provides appropriate
cooling to avoid heat accumulation and allow a continuous process and high productivity.
Heat input, size and geometry of the component, and material grade all are important in
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controlling the temperature cycle including maximum allowable temperature and appro-
priate cooling rates [48]. Another challenge in AM is minimizing the occurrence of defects
such as porosity, cracking, and lack of fusion, as defects will deteriorate the mechanical
properties [35]. Another factor is the component chemical composition, particularly oxygen
and nitrogen contents, since oxygen affects the ductility and toughness, and nitrogen
influences phase balance and therefore properties [49,50]. The most important factor is
the microstructure, governing properties, which was investigated in the present study
as presented in this and earlier papers [3,4]. Thermodynamic calculations are useful to
predict the formation of phases, phase balance, and the effects of heat treatment. From both
mechanical and corrosion resistance perspectives, approximately equal fractions of ferrite
and austenite usually present the optimum functionality of DSS [41]. The homogenizing of
the microstructure and prevention of the formation of detrimental secondary phases are
actions that should be taken to reach high-quality products [51]. After the production of
the parts, post-process treatments are often necessary to further improve the properties.
The most important is a post-heat treatment, which was implemented to homogenize
the microstructure, remove secondary phases, and balance the ferrite and austenite ratio.
Finally, the mechanical properties and corrosion resistance of DSS components determine
the applicability of AM in the fabrication of these alloys. Testing is therefore needed to
evaluate and verify the mechanical properties and the corrosion resistance and to judge
component functionality.

5.6. Four-Stage Methodology

A four-stage systematic methodology was developed for the manufacturing of DSS
components by LMDw (Table 1) and applied to the production of a near-net-shape cylinder
intended for industrial applications. In this study, from the first step to the final compo-
nent, not only did the number of beads and the volume of deposited material increase
significantly but the geometry of the manufactured parts also became more complex. Em-
ploying the four-stage methodology, however, made it possible to successfully fabricate a
high-quality cylinder.

Concerning process and control aspects from the first stage to the fourth, when
increasing complexity of the manufactured part, the importance of controlling heat input
and wire pre-heating increased, since these determined the shape and volume of the melt
pool and, therefore, the resulting geometry of deposited layers. In addition, by increasing
the size of the fabricated part, the implementation of a cooling system became essential
to prevent an increase in temperature that would require “cooling stops”, which, in turn,
decrease productivity.

Similar complicated and periodically repetitive inhomogeneous as-deposited mi-
crostructures were observed in the last three stages. Mechanical properties of the as-
deposited parts produced in the last two stages were on a satisfactory level. However,
the inhomogeneity of the as-deposited microstructure made it clear that a post-heat treat-
ment after LMDw of duplex stainless steel components might be needed or might, at
least, be beneficial, depending on the product and intended application. A heat treatment
homogenized the microstructure and was also, particularly when used in combination
with thermodynamical calculations, effective in handling the nitrogen loss during LMDw,
aiming at a well-balanced nitride-free ferritic-austenitic microstructure.

A conclusion from the present study was that a stepwise increase in deposit volume
and geometrical complexity is highly recommended when designing an AM production
procedure intended for components of significant size. It is a time-efficient way of finding
process parameters and identifying potential problems, while wasting only a limited
amount of material. The four-stage methodology introduced, although here applied only to
one process and one material, is in principle general and can, with modifications to process,
component, and material, be applied generally to AM of metallic components. However,
further investigations are needed to evaluate the applicability of this methodology with
different materials and various processes.
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The LMDw components, particularly the cylinder, have mechanical properties well-
suited for many industrial applications. However, future testing of properties should
include corrosion resistance and fatigue properties, in both as-deposited and heat-treated
conditions, to fully define suitable application areas.

6. Conclusions

A systematic four-stage methodology for AM of significantly sized metallic compo-
nents was developed and applied to Laser Metal Deposition with Wire of a near-net-shape
duplex stainless steel cylinder intended for industrial applications. In the four stages,
single-bead passes, a single-bead wall, a block, and a cylinder were produced, while pro-
cess parameters and control systems were developed, evaluated, and fine-tuned. The
chemical composition, microstructure, and mechanical properties of LMDw components
were studied in as-deposited and heat-treated conditions.

1. The implementation of the four-stage methodology made it possible to achieve a
stable and consistent LMDw process while, step by step, the volume of deposited
material and the complexity of the additively manufactured components increased.

2. Addition of water cooling was found necessary to avoid heat accumulation when
increasing component size.

3. The final components were of high quality with no cracks or lack of fusion defects,
and only a few small pores were detected.

4. Some nitrogen loss was observed resulting in a content of 0.11% N in the cylinder
compared to 0.14% N in the wire.

5. The as-deposited duplex microstructure was inhomogeneous and repetitive and
included regions with low and high fractions of austenite. Nitrides were observed in
highly ferritic regions.

6. Heat treatment at 1100 ◦C for 1 h locally and globally homogenized the microstructure,
removed nitrides, and balanced the ferrite and austenite fractions. The austenite
fractions reached around 50% after heat treatment.

7. Strength and toughness were at a high level, comparable to those of the corresponding
steel grade, both as-deposited and after heat treatment. The highest strength was
achieved in as-deposited condition with an average yield strength of 749 MPa and
average UTS of 858 MPa, and the best toughness and ductility was in the heat-treated
condition by an average of 34%. The heat treatment increased the toughness and
ductility, while it decreased the strength.
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ABSTRACT

Duplex stainless steel (DSS) blocks with dimensions of 150 9 70x30 mm3 were

fabricated by Laser Metal Deposition with Wire (LMDw). Implementation of a

programmable logic control system and the hot-wire technology provided a

stable and consistent process producing high-quality and virtually defect-free

deposits. Microstructure and mechanical properties were studied for as-de-

posited (AD) material and when heat-treated (HT) for 1 h at 1100 �C. The AD

microstructure was inhomogeneous with highly ferritic areas with nitrides and

austenitic regions with fine secondary austenite occurring in a periodic manner.

Heat treatment produced a homogenized microstructure, free from nitrides and

fine secondary austenite, with balanced ferrite and austenite fractions. Although

some nitrogen was lost during LMDw, heat treatment or reheating by subse-

quent passes in AD allowed the formation of about 50% austenite. Mechanical

properties fulfilled common requirements on strength and toughness in both as-

deposited and heat-treated conditions achieving the highest strength in AD

condition and best toughness and ductility in HT condition. Epitaxial ferrite

growth, giving elongated grains along the build direction, resulted in somewhat

higher toughness in both AD and HT conditions when cracks propagated per-

pendicular to the build direction. It was concluded that high-quality compo-

nents can be produced by LMDw and that deposits can be used in either AD or

HT conditions. The findings of this research provide valuable input for the

fabrication of high-performance DSS AM components.
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GRAPHICAL ABSTRACT

Introduction

Additive manufacturing (AM) provides new oppor-

tunities to fabricate near-net-shape components with

a low waste of material, customized features, tailored

properties, and complex geometries [1]. Unlike the

subtractive methods which remove materials to reach

the final shape, in AM processes, the parts are fabri-

cated by adding beads/layers upon each other [2].

According to the American Society for Testing and

Materials (ASTM International), AM of metallic

materials is classified based on energy source, state of

fusion, material feedstock, and process category [3].

In this classification, powder bed fusion (PBF) and

direct energy deposition (DED) are the two main AM

technologies for metallic materials. In PBF, metallic

powder is used as the material feedstock, while in

DED, both wire and powder can be deposited to

build AM parts. In these processes, the source of

energy could be a either laser beam, an electron

beam, or an electric arc.

Laser Metal Deposition with Wire (LMDw) is a

DED technology in which a laser beam is employed

as the energy source to melt and deposit the wire to

build the component. Important benefits of wire-feed

AM are availability and low cost of raw material,

high material usage efficiency (up to 100%), and a

possible high deposition rate. In addition,

implementation of a laser beam in combination with

an advanced controlling system provides easy mon-

itoring and good control of the process [4]. This AM

process is, therefore, suitable for the production of

relatively large and fully dense metallic parts. Pre-

heating the wire feedstock using the hot-wire tech-

nique increases the deposition rate of LMDw [5],

thereby improving productivity. In the production of

a large component, another alternative is wire-arc

additive manufacturing (WAAM) which can achieve

higher deposition rates compared to LMDw [6].

However, WAAM has less good-dimensional control

and design limitations and the deposited product

needs significant final machining [7]. Implementation

of a laser beam instead of an electric arc as the power

source has the advantage that dimensional control

can be improved, while it also preserves a high

deposition rate [2, 8].

Duplex stainless steels (DSSs), with a ferritic–aus-

tenitic microstructure, are used in a wide range of

applications thanks to their combination of high

corrosion resistance and excellent mechanical prop-

erties. The ferrite phase contributes to strength and

resistance to stress corrosion cracking, while the

austenite phase improves toughness and general

corrosion resistance [9]. The optimum properties of

these alloys come by approximately equal fractions of

ferrite and austenite [10]. According to the formation

mechanism, austenite can be divided into primary
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austenite and secondary austenite. Duplex stainless

steels solidify fully ferritic and primary austenite

form on cooling in a solid-state transformation of

ferrite to austenite at ferrite/ferrite grain boundaries

as well as inside the ferrite grains [11, 12], while

secondary austenite form during additional subse-

quent reheating cycles. Reaching a proper phase

balance is challenging when DSS is fabricated with

low energy input processes such as laser welding or

laser AM, in which the high cooling rate often results

in an excessive amount of ferrite and nitride forma-

tion [13, 14]. In the case of nitrogen loss, this will also

restrict austenite formation, thereby affecting phase

balance in DSS [15, 16]. Reheating of previously

deposited layers when depositing following layers

may cause the formation of secondary austenite and

precipitation of detrimental secondary phases such as

sigma and chi phase. Therefore, selection of process

parameters plays a vital role in AM of DSS in deter-

mining the microstructure.

Additive manufacturing of DSS has recently been

investigated in several studies. In powder bed fusion

AM with selective laser melting (SLM) [9, 17–19], an

excessive amount of ferrite formation is a problem

and post-heat treatment has been necessary to bal-

ance the ferrite and austenite ratio. Wire-arc additive

manufacturing of DSS has also attracted widespread

interest due to the affordable equipment and its high

deposition rate [20–24].

As summarized above, there is some research

about powder bed AM and WAAM; however,

knowledge is lacking about LMDw of DSS. Recently,

Valiente et al. [4] studied the production of a single-

bead wall DSS by LMDw as an initial stage of the

current work. They produced a single-bead wall and

studied the microstructure in both as-deposited and

heat-treated conditions. The study is here extended to

the production of relatively big blocks, aiming at

enabling fabrication of high-quality, high-perfor-

mance DSS components. As-deposited and heat-

treated microstructures were characterized by light

optical microscopy and electron backscattered

diffraction, and mechanical properties were evalu-

ated by tensile and impact toughness tests. Thermo-

dynamic calculations were also employed to study

and understand the evolution of the microstructure.

Finally, a comparison of as-deposited and heat-trea-

ted conditions revealed how the thermal cycles dur-

ing AM and heat treatment, locally and globally,

affect the microstructure and mechanical properties.

Experimental

Materials

In this study, 10 mm-thick duplex stainless steel type

2205 (UNS S32205) was used as substrate material for

the deposition. The feedstock was a solid wire duplex

stainless steel of type 2209 (EN ISO 14343-A: G 22 9

3 N L) in 1.2 mm diameter. Table 1 presents the

chemical composition of the substrate and the wire as

given by the material producer certificates. The

shielding gas used during LMDw was pure (99.99%)

argon.

Additive manufacturing of blocks by Laser
Metal Deposition with Wire

A photograph of the LMDw setup consisting of a

6 kW Ytterbium-doped fiber laser, a 6-axis robot, a

DED tool with an off-axis wire nozzle, laser optics,

wire feeding system, control system, and actuators is

shown in Fig. 1a. A programmable logic control

(PLC) was employed to control the process. The

LMDw setup was mounted on the industrial robot

and the robot governed the movement of the depo-

sition tool according to a set pattern. The process

parameters used for the production of the LMDw

blocks are listed in Table 2. To increase the deposition

rate, a wire-feed system equipped with wire resistive

pre-heating, commonly termed hot-wire technology,

was implemented. The current and the voltage for

pre-heating of the wire were regulated with an elec-

trical power source and measured online and used

for process monitoring and controlling. The aim of

controlling was to keep a specific wire resistance to

have a stable metal transfer, good wettability, and

appropriate dimensional control. A schematic illus-

tration of the LMDw approach [4, 5] is presented in

Fig. 1b.

As indicated in Fig. 1b, deposition of each pass

began from the starting line and was all made in the

same direction. When finishing a pass, the laser

returned to the starting line and subsequently

deposited the next pass. There was no waiting time

for cooling between passes or layers, and the LMDw

was done continuously. The blocks that were 150 mm

long, 70 mm in height, and 30 mm wide were pro-

duced by LMDw deposition of 60 layers, each layer

consisting of 8 beads, in all 480 beads (Fig. 1c). The
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effective production time for deposition of each block

was approximately 2 h.

One block was investigated in as-deposited con-

dition and one other after heat treatment. The heat

treatment was performed in a furnace with an air

atmosphere, and the temperature was controlled by

the furnace thermocouple. The block was held for 1 h

after reaching 1100 �C and cooled by water quench-

ing. The heat treatment procedure was selected to

achieve a balanced content of ferrite and austenite

[25], dissolution of nitrides, and avoiding sigma

formation.

Test samples

Samples for microscopy and mechanical testing were

extracted from different regions and directions to

study homogeneity and isotropy of the as-deposited

(AD) and heat-treated (HT) LMDw blocks. A sche-

matic illustration of samples extracted for

Table 1 Chemical

composition of the plate and

wire (wt.%)

C Si Mn P S Cr Ni Mo Cu N Co

Plate 0.016 0.32 1.77 0.027 \ 0.001 22.77 5.50 3.07 0.21 0.177 0.096

Wire 0.016 0.45 1.45 0.016 0.001 23.23 8.62 3.29 0.04 0.160 –

Figure 1 a Laser Metal Deposition setup [4], b schematic illustration of LMDw process, and c additively manufactured block.

Table 2 LMDw process parameters

Laser power (W) 3500

Wire-feed rate (m/min) 2

Deposition speed (mm/s) 10

Focal length (mm) 300

Wavelength (nm) 1040

Hot-wire voltage (V)–Average value 1.5 V in the first layer and 1 V in the subsequent layers

Hot-wire current (A)–Average values * 100 A in the first layer and * 70 A in the subsequent layers
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metallography inspection, chemical composition

analysis, and mechanical tests is shown in Fig. 2.

Microstructure characterization

Microstructures of the blocks in as-deposited and

heat-treated conditions were studied with light opti-

cal microscopy and scanning electron microscopy

(SEM) including electron backscatter diffraction

(EBSD) analysis.

For light optical microscopy, cross sections of the

blocks were mounted, ground, and polished down to

0.05-lm using alumina suspension in the last step.

The polished samples were etched with two different

reagents: (i) color etching with modified Beraha

reagent (60 ml water, 30 ml HCl, 0.7 g potassium

bisulfite) for 12 s for identification of ferrite and

austenite and (ii) electrolytic etching using oxalic acid

with a voltage of 4 V for 10 s for observation of

nitrides [26, 27]. The latter etching method was also

employed to reveal areas susceptible to local corro-

sion attacks [28]. A Zeiss Axio Imager.M2m optical

microscope was used to study the microstructure in

AD and HT conditions. Phase fraction measurements

were performed by image analysis (IA) via the open-

access ImageJ software.

Ferrite numbers, moreover, were measured using a

calibrated Fischer FERITOSCOPE�, MP30, on cross

sections of both AD and HT blocks, and the average

of 10 measurements was reported.

For EBSD analysis, cross sections after grinding

were electropolished with an electrolyte solution

consisting of 150 g citric acid, 300 g distilled water,

600 ml H3PO4, and 450 ml H2SO4. The electropol-

ishing was performed for 20 s at a voltage and a

current density of 10 V and 1.5 A/cm2, respectively.

To avoid pitting corrosion, the electrolyte was cooled

by an ice bath to allow polishing at around 0 �C. It
was found beneficial to lightly shake the sample

while polishing to ensure continuous refreshment of

the solution at the sample surface.

EBSD analysis was performed with a ZEISS Gemini

SEM 450 equipped with a Symmetry S2 EBSD

detector from Oxford Instruments. The acceleration

voltage, sample tilt angle, and working distance were

20 kV, 70�, and 12 mm, respectively. Step sizes were

0.5 lm and 0.7 lm for AD and HT specimens,

respectively. The AZtecCrystal 1.1 software from

Oxford Instruments was used to analyze the EBSD

results.

Chemical analysis

The chemical compositions at the bottom, middle,

and top of blocks in both AD and HT conditions were

analyzed by optical emission spectroscopy (OES). For

each location, two points were selected and the OES

analysis was done three times in each point. The

results are presented as the average of the six anal-

yses in each location. Nitrogen and oxygen contents,

in addition, were measured by combustion analysis

using a LECO TC-436 analyzer. The LECO tests were

done in four different regions from bottom to top of

the block cross-sections.

Figure 2 Extraction of specimens from the LMDw blocks and how they are orientated relative to the deposition and build directions.
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Mechanical tests

Tensile and Charpy impact toughness tests were

performed on samples machined from the AD and

HT blocks as shown in Fig. 2 and with dimensions as

shown in Fig. 3. For the tensile tests, two specimens

were extracted along the deposition direction from

the bottom of the block and two from the top. The

tensile tests were performed at room temperature

according to EN ISO 6892–1. For investigation of

impact toughness, samples from two different direc-

tions, along the deposition direction and the build

direction, were prepared. The Charpy testing was

done at - 10 �C according to EN ISO 148–1. For each

direction, two tests were done.

Results

Microstructure

In this section, firstly an overview of the laser metal

deposited blocks is presented. After that, the

microstructures of both AD and HT conditions

investigated using optical microscopy and EBSD

analysis are presented. Finally, results of chemical

analysis and mechanical testing reveal more details

about the properties of the blocks produced by

LMDw.

Overview

A representative macrograph from a cross section of

one of the additive manufactured blocks is presented

in Fig. 4. As it shows, 8 parallel beads were deposited

in each layer, and thereafter, layers were added until

the block was fabricated. In this macrograph etched

with modified Beraha reagent, ferrite is the dark

phase and austenite is the bright phase [29–31]. As

can be seen, there was a periodic bead-to-bead

microstructure in each layer. The deposition of layers

upon each other, moreover, brought a repetitive

microstructure consisting of largely ferritic and aus-

tenitic regions along the build direction. A few very

small pores and possibly lack of fusion defects were

found, particularly between the beads.

As-deposited microstructure

A schematic illustration and three-dimensional (3D)

microstructures of LMDw block in AD condition are

shown in Fig. 5, in which X, Y, and Z are the depo-

sition, transverse, and build directions, respectively.

The 3D microstructure sections including the X–Y, Y–

Z, and X–Z planes indicate how LMDw resulted in an

inhomogeneous and repetitive bead-to-bead and

layer-to-layer microstructure.

The microstructures of the last deposited bead and

the underlying beads reheated due to the deposition

of the following beads are shown in Fig. 6a. As it can

be seen, the deposition of each pass not only remelted

a part of the previous layer but also heated the latest

layers. The last bead has more ferrite, and reheated

beads have more austenite. Higher magnification

micrographs from the last deposited bead and the

one-time reheated bead are displayed in Fig. 6b and

c, respectively. The last deposited bead, which is

representative of the as-deposited DSS, had a largely

ferritic microstructure, and the results of IA revealed

that it had only 16 ± 2% austenite. This austenite

consists of intergranular (grain boundary), Wid-

manstätten, and intragranular austenite. The

microstructure of the one-time reheated bead in

Fig. 6c shows that reheating derived from deposition

of the subsequent bead alters the microstructure

significantly and the austenite fraction increased up

to 52 ± 3%. Compared to the as-deposited

microstructure in Fig. 6b, after the first reheating

cycle, the grain boundary and Widmanstätten

austenite became thicker and the intragranular

austenite grains coarsened. Formation of secondary

Figure 3 Test piece configuration of a tensile test and b Charpy impact test.
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austenite, in addition, can be observed among the

primary austenite.

Multiple reheating cycles make the microstructure

even more complicated. The microstructure from the

middle of the AD block which experienced several

reheating cycles is shown in Fig. 7. It illustrates how

the deposition of multiple beads produced an inho-

mogeneous and complex microstructure. The bottom

rectangle in Fig. 7 shows a microstructure with of a

small fraction of primary austenite and more than

70% secondary austenite clusters. The middle one

demonstrates areas with a nearly fully ferritic

microstructure. Surrounding these ferritic regions,

there are various morphologies of austenite including

primary intragranular and secondary austenite.

Grain boundary austenite is also seen in the middle

of this area which consists of two ferrite grains.

Finally, the top rectangle includes both primary and

secondary austenite with almost similar fractions in

the ferrite matrix.

As can be seen in Fig. 7, there was a significant

variation of ferrite and austenite fractions in the

microstructure of the LMDw block. The locally

unbalanced ferritic and austenitic microstructure was

accompanied by the existence of very fine secondary

austenite (\ 1 lm) making IA less suitable for aver-

age phase fraction measurement. Ferrite number,

therefore, was measured to estimate the ferrite con-

tent of the additively manufactured block. The aver-

age ferrite number of 10 measurements for in as-

deposited condition was 55 ± 3 FN.

The microstructure of the AD additive manufac-

tured block after electrolytic etching with oxalic acid

is presented in Fig. 8. Similar to the light optical

micrograph etched with Beraha (Fig. 7), primary and

secondary austenite can be observed in the ferritic

matrix. Clusters of small black dots can also be seen

in ferritic regions after etching with oxalic acid. These

are due to, as has been demonstrated in numerous

studies, local etching attack at nitrides in ferritic areas

[26] and, therefore, show the presence of chromium

nitrides [15, 16, 26, 32–34]. It can be noted that the

nitrides preferentially formed in regions at some

distance from austenite grains.

Results of EBSD analysis of the AD block are

illustrated in Fig. 9. The EBSD phase map in Fig. 9a

shows intergranular, Widmanstätten, and intragran-

ular austenite, accompanied by the formation of very

fine secondary austenite. The austenite fraction for

the analyzed area was 32.2%. Inverse pole fig-

ures (IPFs) of ferrite and austenite in AD condition

are shown in Fig. 9b and c, respectively. The ferritic

band in the middle of the map indicates the bound-

ary between two deposited beads. The same orien-

tation of ferrite in the two beads confirms the

epitaxial growth of solidifying ferrite in LMDw of

DSS. As the ferrite grains are elongated in the build

direction, grain boundary austenite, therefore,

formed along this direction. Three ferrite grains can

be seen with grains #1 and #2 having very similar

Figure 4 Cross section of as-

deposited laser metal

deposited block including 8

passes in every 60 layers. The

deposition of layers upon each

other created a repetitive

microstructure.

Figure 5 Schematic illustration and the 3D microstructures of

laser metal deposited block in as-deposited conditions.
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orientations, while grain #3 has a different orienta-

tion. From the black areas in the ferrite IPF, which are

representative of austenite, it can be seen that there is

much more grain boundary austenite between grains

#2 and #3 than between #1 and #2.

Heat-treated microstructure

A schematic illustration and 3D microstructure of the

LMDw block in HT condition are shown in Fig. 10.

Sections for all the three X–Y, Y–Z, and X–Z planes

show a balanced microstructure and homogeneous

distribution of ferrite and austenite after heat treat-

ment. There is also no trace of a layer-by-layer

microstructural variation as seen for the AD

condition.

Micrographs showing the microstructure in a cross

section of the block after heat treatment are presented

in Fig. 11. In this microstructure, grain boundary,

Widmanstätten, and intragranular austenite are seen

in the ferrite matrix. Higher magnification micro-

graphs of three regions reveal that the HT block

contains a homogenized microstructure with an

approximately balanced fraction of ferrite and

austenite. Heat treatment resulted in the growth of

austenite grains at both ferrite/ferrite boundaries and

inside the ferrite grains. It, however, did not visibly

change the morphology and structure of the ferrite

grains, meaning that ferrite grains still have a tex-

tured structure along the build direction. Grain

boundary austenite grains consequently also

remained elongated along the build direction.

Due to the importance of phase balance in deter-

mining properties, the austenite fractions of 12

regions evenly distributed from the bottom to the top

of the HT block were measured by IA and the result

is presented in Table 3. The results show that the

average austenite fraction was 50.6 ± 1.5. The small

variation of austenite fractions, in addition, implies a

homogeneous microstructure through the build

direction.

In addition to measurement with IA, the ferrite

number was measured to permit comparison with

Figure 6 a The microstructure etched with modified Beraha and

geometry of last deposited and underlying beads. The dark phase is

ferrite, and the bright one is austenite. b Higher magnification of

the microstructure in the last deposited bead, and c the one-time

reheated bead.

J Mater Sci



the AD condition. The average ferrite number after

heat treatment was 53 ± 4 FN.

Results of EBSD analysis of the heat-treated block

are presented in Fig. 12. As shown in the EBSD phase

map in Fig. 12a, after heat treatment the austenite

fraction was 53.7% for the studied area. The IPF map

Figure 7 Inhomogeneous as-deposited microstructure including:

(1) region with a large amount of secondary austenite, (2) a locally

fully ferritic region, and (3) an area with a combination of primary

and secondary austenite.

Figure 8 Microstructure of the AD block electrolytic etched with

oxalic acid. Nitride formation can be seen in the ferritic areas.
Figure 9 EBSD of a region in the center of the AD block. a Phase

map showing ferrite in red and austenite as blue. The ferritic band

in the middle of the map shows the location of the boundary

between two layers. b IPF map of ferrite with three ferrite grains

showing epitaxial growth from one layer into the next, and c IPF

map of austenite showing primary grain boundary, Widmanstätten,

intragranular, and secondary austenite.
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of ferrite in Fig. 12b shows two ferrite grains. As seen

in the austenite IPF map, both austenite grains at

ferrite/ferrite boundaries and inside ferrite grains

grew during heat treatment.

Chemical analysis

As it is listed in Tables 4 and 5, the compositions did

not vary from the bottom to the top of the blocks and

were the same for AD and HT conditions. The OES

and LECO analysis resulted in a very similar nitrogen

content measurements and both indicate nitrogen

loss in LMDw of DSS wire. Nitrogen content also did

not change during subsequent heat treatment. LECO

analysis, moreover, displays the oxygen contents

were very low in both AD and HT blocks.

Mechanical Properties

The stress–strain curves of samples tested along the

deposition direction of the AD and HT blocks are

illustrated in Fig. 13, and the results are presented in

Table 6. For both AD and HT conditions, the four

specimens which were extracted from the bottom and

top of the blocks demonstrate similar properties

during the tensile tests. Yield strengths of AD sam-

ples were around 700 MPa which decreased to

approximately 500 MPA after heat treatment. The

ultimate tensile strength was reduced from near

850 MPa in AD condition to about 750 MPa in HT

condition. On the contrary, the elongation increased

from around 26% to near 34% after heat treatment.

Results of Charpy testing at - 10 �C for horizontal

and vertical specimens are displayed in Fig. 14. It

should be noted that for horizontal and vertical

specimens, the notch was along the build and depo-

sition directions (Fig. 2), respectively. In AD condi-

tion, the average impact toughness energy was 205 J

for the horizontal samples, and 230 J for the vertical

samples. After heat treatment, the impact toughness

energy of the specimens reached averages of 239 J

and 260 J in horizontal and vertical directions,

respectively.

Figure 10 Schematic illustrations and the 3D microstructure of

laser metal deposited block in the heat-treated condition. Heat

treatment locally and globally balanced the fractions and the

distributions of ferrite and austenite.

Figure 11 Heat treatment for 1 h at 1100 �C homogenized the

microstructure and balanced the ferrite and austenite ratio.

Table 3 Austenite content of additive manufactured block followed by 1 h heat treatment at 1100 �C. Region #1 was near the bottom, and

region #12 was close to the top of the block

Region 1 2 3 4 5 6 7 8 9 10 11 12 Average

Austenite fraction (%) 51 49 50 51 49 48 51 52 52 50 50 53 50.6 ± 1.5
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Fractography

Cross sections of the fracture surface of the horizontal

and vertical specimens for Charpy testing in AD and

HT conditions are illustrated in Fig. 15. In horizontal

samples, there were several deposited layers along

the path of the crack growth, while in the vertical

samples, the crack growth path was in one or two

layers. After heat treatment, as indicated in Fig. 15d,

the ferrite grains and grains boundary austenite

grains were still elongated along the build direction.

It can be seen that, in vertical samples in both AD and

HT conditions, the crack was changing its direction

when it met grain boundary austenite.

Sensitized microstructure

Micrographs showing microstructures of additive

manufactured blocks after electrolytic etching with

oxalic acid to reveal sensitization are displayed in

Fig. 16. The microstructure for the AD condition in

Fig. 16a illustrates the boundary region of two

deposited layers. This microstructure in more heavily

Figure 12 EBSD analysis of block in HT condition. a Phase map

displaying ferrite and austenite in red and blue, respectively. IPF

coloring maps of b ferrite, and c austenite. Austenite grains grew

during heat treatment.

Table 4 Chemical composition analysis of the AD and HT blocks by optical emission spectroscopy (OES)

C Si Mn P S Cr Ni Mo N Cu V

As-Deposited Top 0.025 0.45 1.47 0.017 0.002 23.15 8.49 3.19 0.11 0.04 0.08

Middle 0.022 0.45 1.46 0.016 0.002 23.13 8.47 3.18 0.11 0.04 0.08

Bottom 0.023 0.45 1.47 0.017 0.002 23.15 8.49 3.19 0.11 0.04 0.08

Heat-treated Top 0.023 0.45 1.47 0.016 0.002 23.23 8.48 3.17 0.11 0.04 0.08

Middle 0.022 0.45 1.46 0.016 0.002 23.22 8.48 3.17 0.10 0.04 0.08

Bottom 0.024 0.45 1.47 0.016 0.002 23.23 8.48 3.17 0.11 0.04 0.08

Table 5 Nitrogen and oxygen measurement by combustion

analysis using a LECO TC-436 analyzer

Nitrogen (wt.%) Oxygen (ppm)

As-deposited Bottom 0.12 62

Middle 0.11 54

Top 0.11 61

Heat-treated Bottom 0.12 76

Middle 0.12 68

Top 0.11 73
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etched regions is expected to be more susceptible to

local corrosion attack. Higher magnification micro-

graphs in Fig. 16b and c indicate that the regions

containing nitrides and/or secondary austenite clus-

ters are the most sensitized areas. In HT condition as

shown in Fig. 16d, however, there were no indica-

tions of sensitization.

Thermodynamic calculations

Comparing the nitrogen content of the feedstock wire

from Table 1 and the produced AM blocks according

to Tables 4 and 5 revealed nitrogen loss during

LMDw. To understand the effect of nitrogen loss, the

equilibrium phase diagrams for the feedstock wire,

according to its chemical composition from wire

certificate and nitrogen content of 0.16%, and the

block based on the OES analysis with the nitrogen

content of 0.11% were calculated by Thermo-Calc

(Fig. 17). Nitrogen loss influenced phase transfor-

mation and delayed solid-state transformation of

ferrite to austenite.

Discussion

With the implementation of LMDw combined with

the hot-wire technology, it was possible to success-

fully fabricate two high-quality DSS blocks with the

dimensions of 150 9 70x30 mm3. These were inves-

tigated in as-deposited and heat-treated conditions.

Figure 13 Stress–strain curves of DSS block in the as-deposited and heat-treated condition.

Table 6 Tensile test results
Yield strength (MPa) Ultimate tensile strength (MPa) A5 (%)

As-deposited Top S1 705 853 25.2

S2 697 846 26.5

Bottom S1 722 854 25.5

S2 702 853 28.0

Heat-treated Top S1 481 751 35.2

S2 489 752 34.7

Bottom S1 486 753 34.1

S2 493 756 32.6

Figure 14 The Charpy impact toughness energy of horizontal and

vertical specimens from AD and HT blocks.
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The results showed that the blocks had promising

properties in both AD and HT conditions.

In this section, the microstructures of AD and HT

specimens are evaluated based on results of light

optical microscopy and EBSD analysis. Thereafter,

the relation between the mechanical properties and

microstructures is discussed, and a mechanism

explaining the different mechanical behavior of

samples oriented along the deposition and build

directions is proposed.

Chemical composition

The negligible variation of composition from the

bottom to the top of the blocks represents a

stable LMDw process. A comparison of OES analysis

of the blocks (Table 4) and the wire chemical com-

position (Table 1) shows that most of the element’s

contents were virtually unchanged. The nitrogen

content, however, decreased to around 0.11% during

manufacturing of the blocks as was confirmed by

LECO analysis (Table 7). Nitrogen loss has been

observed in previous studies on AM of DSS [20, 35].

The approximately 0.05% nitrogen loss in manufac-

turing of the block in this research was similar to the

near 0.04% nitrogen loss in the initial stage of this

study on single-bead wall production by LMDw [4].

Nitrogen loss affects the phase transformation and

subsequently phase balance in DSS. As shown in

Fig. 17, nitrogen loss postpones ferrite-to-austenite

transformation to lower temperatures. Nitrogen

content, therefore, is of significant importance in

balancing ferrite and austenite ratio in AM of DSS.

Despite the nitrogen loss in this research, the result-

ing nitrogen level in combination with the wire nickel

content of 8.6% was adequate to form sufficient

amounts of austenite to achieve good properties. This

combination of nickel and nitrogen was also well

suited for heat treatment which produced a balanced

microstructure. However, other studies revealed that

nitrogen loss combined with the lower nickel content,

5–6%, resulted in a ferritic microstructure of the as-

built additively manufactured parts [18, 19] and even

a subsequent heat treatment could not bring a bal-

anced microstructure.

As-deposited microstructure

In addition to nitrogen loss, the high cooling rate of

LMDw restricts austenite formation during the

deposition of DSS [4]. Duplex stainless steels solidify

fully ferritic, and as the temperature decreases, ferrite

partly transforms to austenite. The austenite first

forms at ferrite–ferrite grain boundaries as inter-

granular, also called grain boundary, austenite, and

then as the driving force increases also inside the

ferrite grains as intragranular and Widmanstätten

austenite [11, 12]. This solid-state ferrite-to-austenite

transformation is controlled by the diffusion of

alloying elements, particularly nitrogen [16]. There-

fore, the high cooling rate of LMDw suppressed

sufficient diffusion and subsequently austenite for-

mation, as indicated in the microstructure of the last

deposited bead in Fig. 6. Due to the rapid cooling,

ferrite became supersaturated in nitrogen and

nitrides formed in highly ferritic regions [26] on

cooling and reheating (Fig. 8).

Figure 15 Cross sections of Charpy test specimens with notch

along or perpendicular to the deposition direction. In vertical

samples, the crack path changed at grain boundary austenite.
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As it is illustrated in Fig. 18, during the deposition

of two layers of DSS, the second bead will cause the

formation of a heat-affected zone (HAZ) in the first

bead. Therefore, depending on their distance to the

fusion line, different regions experiencing various

thermal cycles are created. The region adjacent to the

new deposited bead is the high-temperature heat-

affected zone (HTHAZ) with a high ferrite fraction

and nitride formation [36] which deteriorates the

corrosion resistance of DSS [26, 32]. The second one is

the low-temperature heat-affected zone (LTHAZ)

that experienced lower peak temperatures where

secondary austenite clusters can form. And finally,

there is an ‘‘unaffected area’’ in which the combina-

tion of time and temperature was not sufficient to

cause any phase transformation. As shown in Fig. 6,

one additional reheating and cooling cycle played a

crucial role in promoting austenite formation since it

provided sufficient time at elevated temperatures for

nitrogen diffusion and austenite formation. In the

one-time reheated bead, the austenite fraction

increased around 36%. This was the result of the

growth of primary grain boundary, Widmanstätten,

and intragranular austenite accompanied by the for-

mation of secondary austenite [37–39].

In the bulk of AM components, the deposition of

the following beads makes the total experienced

thermal cycles very complicated [20, 31, 40]. There-

fore, as illustrated in Fig. 7, the bulk of the laser metal

deposited blocks show a complex and inhomoge-

neous microstructure but is at the same time peri-

odically repetitive.

In this study, FERITESCOPE measurements

showed an average ferrite number of 55 ± 3 FN for

the bulk of the block in AD condition. This is well

within the range of 30–90 FN often considered as

acceptable for DSS welds [41].

Figure 16 a Microstructure of as-deposited block after etching

with oxalic acid to reveal sensitization. b Heavy etching at nitrides

suggesting sensitization. c Etching attacks at secondary austenite

clusters. d Microstructure of heat-treated condition without any

indication of sensitization.
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The AD microstructure after etching with oxalic

acid in Fig. 16 revealed that regions with nitrides and

secondary austenite clusters can be expected to be

vulnerable to corrosion attack. For nitrides, localized

corrosion has been reported as a consequence of

chromium depletion around the nitrides inside the

ferrite grains [26, 32]. Secondary austenite clusters, as

Hosseini et al. [42] showed based on thermodynamic

calculations, are sensitive against localized corrosion

as the consequence of having lower contents of

chromium, molybdenum, and nitrogen.

Another phenomenon in the LMDw of DSS, as in

multipass welding, is the epitaxial growth of ferrite

grains along the build direction. As displayed in

Fig. 9, during deposition of a new bead/layer, as the

energy to nucleate new grains during solidification is

larger than the energy required for the growth of the

fusion boundary grains, epitaxial growth happens.

As the temperature gradient is along the build

direction, the solidifying ferrite grains preferentially

grow along this direction. After solidification of fer-

rite, austenite forms either at ferrite/ferrite grain

boundaries or inside ferrite grains. The grain

boundary austenite is, therefore, also mainly oriented

along the build direction which will be discussed in

Sect. Mechanical properties.

Heat-treated microstructure

Heat treatment homogenized the microstructure and

balanced the ferrite and austenite fractions in entire

the block with an average austenite fraction of

around 51% (Table 3). Heat treatment, moreover,

dissolved nitrides.

Heat treatment coarsened the grain boundary and

Widmanstätten, and particularly intragranular

austenite. In addition to the growth, intragranular

austenite had a globular morphology, contrary to the

angular shape in ADmaterial, as has been reported in

heat-treated duplex and super duplex stainless steel

[25, 43]. This behavior was also observed in the heat

treatment of the LMDw single-bead wall, and it can

be attributed to reducing the total interface energy in

austenite–ferrite boundaries [4]. Heat treatment and

the resulting globular and homogeneous

microstructure could also be expected to decrease the

residual stresses introduced by LMDw [18].

The morphology and size of the ferrite grains did

not change significantly. According to the equilib-

rium phase diagram (Fig. 17), there was still some

Figure 17 Phase diagram calculated with Thermo-Calc for the

nitrogen contents of feedstock wire (0.16%) and LMDw blocks

(0.11). An approximately balanced fractions of ferrite and

austenite can be seen at the heat treatment temperature of 1100 �C.

Table 7 Nitrogen content

(wt.%) of the laser metal

deposited blocks in AD and

HT conditions determined with

OES and combustion analysis

As-deposited Heat-treated

Bottom Top Bottom Top

Optical emission spectroscopy (OES) 0.11 0.11 0.11 0.11

Combustion analysis by LECO analyzer 0.12 0.11 0.12 0.11

Wire composition according to the certificate 0.16

Figure 18 Schematic illustration for deposition of layers upon each other and how it creates various microstructural zones.
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content of austenite at heat treatment temperature of

1100 �C. The undissolved austenite grains were par-

ticularly at the ferrite–ferrite grain boundaries due to

their larger size. The ferrite grains as well as grain

boundary austenite, therefore, were not largely

affected by the heat treatment and preserved their

texture and orientation.

Mechanical properties

In tensile testing, in both AD and HT conditions, the

similar behavior of the specimens extracted from

different depths demonstrates the isotropy of tensile

properties along the deposition direction through the

build direction. In the AD condition, the microstruc-

ture was, as discussed in 4.2, not homogeneous due

to the layer-upon-layer nature of LMDw. However,

as the variation is systematic and repetitive

throughout the material from the bottom to the top of

the block, it resulted in the same tensile properties. In

addition, the average value for yield strength of as-

deposited block was around 700 MPa, which was

comparable to the average strength of 717 MPa

reported in cold metal transfer additive manufactur-

ing with 2209 types of DSS wire [22]. In HT samples,

the homogeneous microstructure brought as expec-

ted similar tensile properties from the bottom to the

top of the block with lower strength and higher

ductility compared to AD.

Strength and toughness were on a high level both

as-deposited and after heat treatment, comparable to

or above requirements in standards for wrought type

2205 duplex stainless steel. The yield strength was

between 697 and 722 MPa in as-deposited condition

and from 481 to 493 MPa after heat treatment which

is above the minimum requirement of 480 MPa for

wrought type 2205 DSS [44]. The tensile strength was

within the range of standard requirements for 2205

DSS [44], i.e., 700–920 MPa, both as-deposited with

846–854 MPa and heat-treated with 751–756 MPa.

The elongation was also more than 25%, which is the

minimum required value of wrought type 2205

duplex stainless steel, in both as-deposited condition

and after heat treatment. The impact toughness

energy was comparable to the 230 J typical for 2205

DSS [45]. However, samples with the notch perpen-

dicular to the build direction had higher impact

toughness energies (229–277 J) compared to samples

with the notch parallel to the build direction

(197–241 J).

In Charpy testing, the impact toughness energies of

both vertical and horizontal specimens demonstrated

high levels of impact toughness energy in both AD or

HT blocks. Oxygen content largely governs the

amount of micro-slag inclusions and thereby has a

major effect on the ductility and the impact tough-

ness energy of the additive manufactured compo-

nents. The low contents of oxygen, between 50 and

80 ppm, therefore ensured a high ductility and

toughness energy in the LMDw of DSS blocks. Fur-

thermore, heat treatment increased impact tough-

ness. This was owing to the homogenizing of the

microstructure and the removal of nitrides.

Another interesting observation was that the ver-

tical specimens with the notch along the deposition

direction had higher impact toughness energy than

the horizontal specimens in which the notch was

perpendicular to the deposition direction both AD

and after HT (Fig. 14). In Charpy testing, the crack

grows from the tip of the notch and it preferentially

propagates through the ferrite due to its lower duc-

tility and toughness [46]. According to the micro-

graphs showing cross sections of the notch region in

Fig. 9 and the schematic illustrations in Fig. 19, in

vertical samples, the grain boundary austenite acts as

a barrier for the crack growth. A higher magnification

micrograph of the vertical specimen cross section in

Fig. 19 reveals that the crack changed its growth

direction to avoid the grain boundary austenite.

Therefore, as the crack was forced to first change

direction and finally to pass the tougher grain

boundary austenite, more energy was required which

resulted in a higher total impact toughness energy. In

horizontal samples, however, there were fewer

austenite barriers to the crack growth, and the

toughness was lower. As explained in the previous

section, the grain boundary austenite was not elimi-

nated during heat treatment and preserved its shape

and orientation along the build direction. It, there-

fore, could act as a barrier to crack growth even after

heat treatment. The same behavior in the HT samples

provided evidence for the increment of the impact

toughness energy for specimens with the notch along

the deposition direction.

The reduction of yield and tensile strength and the

increment of ductility after heat treatment are com-

pletely in agreement with the result of Paoula et al.

[18]. In their study, additively manufactured 2205

DSS samples had a yield strength of 950 MPa and a

tensile strength of 1071 MPa. Heat treatment for
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5 min at 1100 �C, however, reduced these values to

524 MPa and 824 MPa, respectively. The elongation,

on the contrary, increased from 7 to 24% after heat

treatment.

The results of this study provide evidence that

components fabricated with LMDw can to a larger or

smaller degree have anisotropic properties both in

AD and HT conditions. This is in line with the results

of Lervåg et al. [23] in the investigation on AM of

super DSS. They observed higher tensile strength

along the deposition directions in comparison with

the build direction. The additively manufactured

blocks in this study nevertheless had similar prop-

erties regardless of the location of the samples

through the build direction. Future studies are,

however, required to further explore this promising

finding.

Conclusions

Two high-quality duplex stainless steel blocks

(150 9 70x30 mm3) were successfully produced by

additive manufacturing using the LMDw process and

were studied in as-deposited and heat-treated con-

ditions. Analysis of chemical composition,

microstructure characterization, and mechanical

testing demonstrated how the LMDw and

subsequent heat treatment affect the microstructures

and performance.

1. A stable and consistent LMDw process enabled

the successful production of high-quality, virtu-

ally defect-free DSS blocks.

2. The as-deposited microstructure was inhomoge-

neous and repetitive including ferritic areas with

nitrides and austenitic regions with fine sec-

ondary austenite.

3. Heat treatment locally and globally homogenized

the microstructure, removed nitrides, and bal-

anced the ferrite and austenite fractions.

4. Epitaxial growth of ferrite grains resulted in a

textured microstructure along the build direction,

which remained after heat treatment.

5. About 0.05% nitrogen was lost during LMDw

resulting in a level of about 0.11%. This level in

combination with the relatively high nickel con-

tent was adequate to form close to 50% austenite

both in as-deposited condition, due to multiple

reheating by subsequent passes, and during heat

treatment.

6. Mechanical properties fulfilled common require-

ments on strength and toughness in both as-

deposited and heat-treated conditions.

7. Heat treatment decreased yield strength from

about 750 MPa to about 450 MPa and tensile

strength from 850 to 750 MPa, while impact

toughness was in all cases close to or above 200 J.

Figure 19 a Cross section of the notch region of a vertical Charpy test specimen. The crack rounded the grain boundary austenite to grow.

b Schematic illustration of crack growth path relative to the grain boundary austenite in the horizontal and vertical Charpy test specimens.
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8. Impact toughness testing with the notch trans-

verse to the build direction resulted in higher

impact toughness energies in both AD and HT

conditions as grain boundary austenite acted as a

barrier to crack growth.
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a b s t r a c t

Microstructure characteristics and pitting corrosion of a duplex stainless steel (DSS)

manufactured by laser metal deposition with wire (LMDw) were studied. The layer-by-layer

LMDw process resulted in a mixed microstructure of predominantly ferrite with 2%

austenite and chromium-rich nitrides, and reheated regions with ~33% austenite. The high

cooling rate of LMDw restricted the distribution of Cr, Mo, and Ni, in ferrite and austenite,

while N diffuses from ferrite to austenite. Subsequent heat treatment at 1100 �C for 1 h

resulted in homogenized microstructure, dissolution of nitrides, and balanced ferrite/

austenite ratio. It also led to the redistribution of Cr and Mo to ferrite, and Ni and N to

austenite. At room temperature, cyclic potentiodynamic polarization measurements in

1.0 M NaCl solution showed no significant differences in corrosion resistance between the

as-deposited and heat-treated samples, despite the differences in terms of ferrite to

austenite ratio and elemental distribution. Critical pitting temperature (CPT) was the

lowest (60 �C) for the predominantly ferritic microstructure with finely dispersed

chromium-rich nitrides; while reheated area with ~33% austenite in as-deposited condition

achieved higher critical temperature comparable to what was obtained after heat treat-

ment (73 and 68 �C, respectively). At temperatures above the CPT, selective dissolution of

the ferrite after deposition was observed due to depletion of N, while after heat treatment,

austenite preferentially dissolved due to Cr and Mo concentrating in ferrite. In summary,

results demonstrate how microstructural differences in terms of ferrite-to-austenite ratio,

distribution of corrosion-resistant elements, and presence of nitrides affect corrosion

resistance of LMDw DSS.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Additive manufacturing (AM) has provided new opportunities

to fabricate near-net-shape duplex stainless steel (DSS)

components with reducedmaterial waste, tailored properties,

and high design complexity [1]. Over the years, remarkable

advancements in AM have led to its adoption in various in-

dustry sectors for producing complex 3D geometries in a sin-

gle step. Furthermore, AM has introduced appealing
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properties and posed fresh challenges in part fabrication,

which were previously unattainable through conventional

manufacturing methods. For metallic materials, powder bed

fusion (PBF) and direct energy deposition (DED) are 2 a.m.

technologies that are primarily used for part fabrication. Laser

metal deposition with wire (LMDw) as a DED technique em-

ploys a laser beam energy source to melt wire and deposit the

material in a layer-by-layer fashion to build the component

[2]. The process uses low cost feedstock (wire) and is highly

material efficient (up to 100%). In addition, LMDw typically has

a high productivity as compared to powder-based AM tech-

niques [3]. The implementation of hot-wire technology further

enhances the deposition rate of LMDw, leading to improved

productivity [4,5].

Duplex stainless steels (DSS) receive much attention for

different industrial applications such as pressure vessels, heat

exchangers, and underwater infrastructure. This is due to a

high corrosion resistance along with excellent mechanical

properties. These materials exhibit a mixed ferrite-austenite

structure. Optimum properties are obtained by a balance of

ferrite and austenite phases, which can be altered by

composition and thermal processing. The amount of alloying

elements (in particular Cr, Mo and N) and microstructure

determine to a large extend the general corrosion resistance

and the resistance to localized corrosion (pitting and crevice)

[6]. Highly alloyed DSS grades show an improved corrosion

resistance. The pitting corrosion resistance of DSS has been

correlated to the pitting resistance equivalent number

(PREN ¼ % Cr þ 3.3% Mo þ 16% N) [7], although such correla-

tions have to be used with care for different environments [8]

and microstructural conditions. Corrosion resistance is typi-

cally reduced by the presence of intermetallics and nitrides.

Local regions of Cr and Mo depletion result in sensitization,

and increases susceptibility to pitting and crevice corrosion

[9e14].

Due to the high cooling rates typical for high energy density

processes such as laser welding and laser additive

manufacturing, it can be challenging to achieve a proper

phase and composition balancewhen fabricating DSS because

of the high amount of ferrite and large number of nitrides that

form [15,16]. In AM, layer-by-layer deposition results in sec-

ondary austenite to form in reheated regions of the build

microstructure. This can lead to a degradation in mechanical

properties and corrosion resistance [17,18]. This is because of

the lower concentration of Cr, Mo, and N in the secondary

austenite compared to the primary austenite phase [19]. Ni-

trogen loss, in addition, hinders sufficient austenite to form,

which negatively affects the ferrite/austenite phase balance

[15,20]. Hence, it is of great importance to control chemical

composition, thermal cycling and cooling rate in laser AM of

DSS to achieve a desirable microstructure in the deposited

component. Post-build treatments, particularly post-build

heat treatments, may be necessary to produce balanced

ferrite-austenite microstructures and to improve mechanical

properties and corrosion resistance of additively manufac-

tured DSS.

Previous studies on laser powder bed fusion (LPBF) of DSS

resulted in an almost fully ferritic microstructure after depo-

sition [21e24]. In all studied cases, a post-build heat treatment

was needed to balance the ferrite-austenite ratio. Despite

lower cooling rates, the unbalanced microstructure is also a

challenge in wire-arc additive manufacturing (WAAM) of DSS

which has attracted considerable research attention for its

high deposition rate and affordable equipment [25e34].

Literature on LMDw processing of DSS is limited. Valiente

et al. [16] reported on DSS LMDw microstructure in both the

as-deposited (AD) and heat-treated (HT) conditions. The AD

microstructure consisted of around 35% austenite, while post

heat treatment increased the austenite content to approxi-

mately 54%. This study was extended by Baghdadchi et al. [2]

to the production of multi-bead and multi-layer blocks, aim-

ing at enabling fabrication of high-quality and high-

performance DSS components. The same authors showed in

subsequent work that LMDw can produce DSS components

with promising mechanical properties in both the AD and HT

conditions [35]. For additively manufactured DSS by LMDw,

however, the corrosion resistance has not been studied yet

and only limited results have been reported on the corrosion

resistance of LPBF components [36,37]. By performing polari-

zationmeasurements in 0.6 M and 1.0 M NaCl solutions, it has

been indicated that the as-built ferritic microstructure from

LPBF showed no significant difference in corrosion resistance

at room temperature as compared to the heat-treated LPBF

[37]. However, critical pitting temperature (CPT) measure-

ments by Haghdadi et al. [37] found that the CPT is lower in as-

built condition (47 �C) as compared to after post-AM heat

treatment (61 �C). Since there is no such data for LMDwof DSS,

the present study aims to fill this gap and contribute to an

understanding of the relationship between microstructure,

chemical composition, and pitting corrosion resistance of DSS

additively manufactured by LMDw after deposition and sub-

sequent heat treatment.

2. Experimental

2.1. Materials

Duplex stainless steel (DSS) type 2205 (UNS S32205) with the

thickness of 10 mm was used as the build substrate. The DSS

type 2209 (EN ISO 14343-A: G 22 9 3 N L) solid wire (1.2 mm

diameter) was used as feedstock material. Table 1 lists the

chemical composition as given by the material manufacturer

certificate.

2.2. Laser metal deposition with wire of the cylinder

Fig. 1-a shows the laser metal deposition with wire (LMDw)

system used for this study [16]. The system is comprised of a

6 kW Ytterbium-doped fiber laser, a 6-axis robot, a deposition

tool with laser optics, a wire feeder, a control system, and

actuators. Spot size was approximately 3.2 mm for out-of-

focus deposition with a Gaussian beam power distribution. A

hot-wire feed system was used to increase deposition rate by

pre-heating the wire using an electrical current. This also

aims at improving metal transfer stability, good wettability,

and dimensional control [4]. Additionally, a water cooling

system was implemented to prevent heat accumulation dur-

ing fabrication, ensuring stable deposition. A two-section

cylinder was deposited by LMDw, as indicated in Fig. 1-b.
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More details about the production of the cylinder can be found

in Ref. [35]. Images of the LMDw cylinder and its cross-section

are shown in Fig. 1-c and d, respectively. Pure (99.99%) argon

was used as shielding gas during LMDw.

The prepared LMDw DSS was studied in the as-deposited

(AD) and post-build heat-treated (HT) conditions. Heat treat-

ment was performed in a furnace at 1100 �C for 1 h in air

followed by water quenching. The goal was to achieve a

balanced ferrite-austenite ratio [31] and to dissolve nitrides

while avoiding sigma phase formation.

2.3. Microstructure characterization

The AD and HT microstructures were examined using light

optical and scanning electron microscopy (SEM). Energy

dispersive spectroscopy (EDS) in the SEM was used for

compositional analysis. The cross-sections were mounted,

ground, and polished down to 0.05-mm using alumina sus-

pension. Optical microscopy was performed on a Zeiss Axio

Imager.M2m optical microscope. Two different etchants were

used s: (i) Modified Beraha (60 ml water, 30 ml HCl, 0.7 g po-

tassium bisulfite) for 12 s for color etching, and (ii) oxalic acid

electrolytic etch at 4 V for 10 s. For SEM, backscattered electron

(BSE) imaging and EDS analysis were performed just after

polishing. The electron beam energy was 18 keV, and the

probe current was 1.2 nA for SEM/EDS analysis. For EDS

analysis, the contents of alloying elements were measured in

both ferrite and austenite in the as-deposited and heat-

treated conditions via map and point analysis. For the point

analysis, the average of two measurements is reported for

each phase. Phase fraction analysis was done using image

analysis in ImageJ software [39].

2.4. Electrochemical pitting corrosion testing

Samples with a surface area of approximately 1 cm2 were

extracted perpendicular to the build direction in the AD and

HT conditions (Fig. 2). Samples were extracted to capture the

different microstructures as follows.

1. Cylinder outer surface with primarily as-deposited (non-

reheated) microstructure (OS-AD)

2. Cylinder bulk with reheated as-deposited microstructure

(B-AD)

3. Cylinder with post-build heat-treated microstructure (HT)

Note that care was taken that the selected sample surfaces

not include any obvious defect such as pores or lack of fusion

defects. A copper wire was spot welded to the back of the

samples to create an electrical contact prior to embedding the

samples in epoxy resin. Testing surfaces were then ground

with SiC papers down to 4000 grit, rinsed in ethanol and

distilled water. Two different electrochemical tests were per-

formed: cyclic potentiodynamic polarization (CPP) according

to ASTM G61 [40], and critical pitting temperature (CPT) ac-

cording to ASTM G150 [41].

The CPP measurements were performed in 1.0 M NaCl so-

lution in a 5-port electrochemical cell consisting of an Ag/

AgCl-4MKCl reference electrode (Accumet), a Pt-coated Ti

mesh as the counter electrode, and the test sample as the

Fig. 1 e a) Laser metal deposition with wire setup, b) procedure of LMDw for fabrication of duplex stainless steel cylinder

[35], c) additively manufactured cylinder, and d) cross-section of the cylinder.

Table 1 e Chemical composition of the substrate and wire (wt.%).

C Si Mn P S Cr Ni Mo Cu N Fe

Plate 0.016 0.32 1.77 0.027 <0.001 22.77 5.50 3.07 0.21 0.18 Bal.

Wire 0.013 0.52 1.48 0.018 0.001 23.50 8.35 3.40 0.08 0.14 Bal.
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working electrode. Testing was performed at room tempera-

ture. The solution concentration was preserved through a

water-cooled condenser at 25 �C, and the cell was deaerated

with nitrogen gas, including a 1-h period prior to each test to

ensure complete deaeration. The corrosion test setup can be

seen in Fig. 3. For CPP, a Gamry Instruments potentiostat

(Gamry Instruments) was used to step up the potential at a

scan rate of 0.167 mV/s from �0.2 V below the open circuit

potential (EOC). At a current density of 0.1 mA/cm2 the scan

direction was reversed and the potential was stepped down to

�0.2 V below the EOC. Samples were exposed to the open-

circuit potential for 30 min, or until EOC stability, prior to the

start of themeasurements. Resulting CPP curve current values

were adjusted to reflect the exact sample area.

The CPT measurements were performed in 1.0 M NaCl so-

lution in a closed double-walled electrochemical cell (Fig. 3).

The cell included an Ag/AgCl-4MKCl reference electrode

(Accumet), a Pt-coated Ti mesh as the counter electrode, the

test sample as the working electrode, and a Tempco Pt RTD

probe inserted directly adjacent to the sample surface. The

double-walled cell was connected to a Poly Science advanced

programmable water heater and circulator to incrementally

increase the solution temperature from 30 to 100 �C at a rate of

~1 �C/min. Deaeration and condensation were not performed.

CPT values were obtained using a potentiostat (Gamry In-

struments) running a potentiostatic hold at 750 mV against the

reference electrode potential (Eref). The samples were exposed

to the open circuit potential for 100 s prior to the potentiostatic

hold, and the critical pitting temperature (CPT) was obtained

from the temperature extracted from the thermocouple corre-

sponding to a current density value of 100 mA/cm2. Three

measurements were performed for each sample (OS-AD, B-AD,

and HT). Optical microscopy was performed on the sample

surface after CPT testing to observe pit behavior. Images were

taken of the sample surface before and after etching. Samples

were polished to 1 mm before etching with 10% oxalic acid.

2.5. Thermodynamic and kinetic calculations

Thermodynamic and kinetic calculations were performed

using the Calculation of Phase Diagrams (CALPHAD) method.

Two different calculations were done with the commercial

Fig. 2 e Schematic of sample extraction from LMDw DSS for corrosion test: (1) Cylinder outer surface with primarily as-

deposited (non-reheated) microstructure (OS-AD); (2) cylinder bulk with reheated as-deposited microstructure (B-AD); and

(3) cylinder with post build heat-treated microstructure (HT).

Fig. 3 e a) 5-port electrochemical cell setup for cyclic potentiodynamic polarization (CPP) measurements; and b) double-wall

cell setup for critical pitting temperature (CPT) measurements.
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software tool Thermo-Calc version 8.5.1.0017 with the TCFE10

database (Thermo-Calc, Stockholm, Sweden):

(i) After fully ferritic solidification of the DSS, ferrite

partially transforms to austenite during cooling. The

ferrite and austenite phase boundary were simulated

using a diffusion calculation in DICTRA (an add-on

module to Thermo-Calc software) with the MOBFE5

database. The following initial conditions were

assumed/defined for this calculation:

- Only the main alloying elements (23.5% Cr, 8.3% Ni,

3.3%Mo, and 0.11%N, all wt.%) were considered in the

calculation.

- Based on the equilibrium phase diagram calculated in

Thermo-Calc (Fig. 4-a), the calculation started from a

fully ferritic microstructure at 1400 �C. During cooling

to 1000 �C in 0.5 s the austenite phase forms at the

ferrite grain boundary.

- Based on optical micrographs, the width of the ferrite

was assumed to be 10 mm and austenite starts to form

with a planar interface from the left side of the ferrite

(Fig. 4-b).

(ii) The composition of the ferrite and austenite phases

after heat treatment was calculated to evaluate the

partitioning of alloying elements. For this calculation, it

was assumed that after 1 h at 1100 �C the system ap-

proaches equilibrium. The initial alloying element

contents used for this calculation were measured by

OES analysis (Table 2) and the nitrogen content was

measured by combustion analysis [35].

3. Results

3.1. Microstructure characterization

In this section, results from microstructure characterization

of the LMDw DSS cylinder are presented for the as-deposited

condition, and after post-build heat treatment at 1100 �C for

1 h with subsequent water quenching.

Fig. 4 e a) Equilibrium phase diagram for DSS composition (Table 2) as calculated by Thermo-Calc software, and b)

schematic of setup for simulation of ferrite to austenite transformation in DICTRA.
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The ADmicrostructure of DSS additivelymanufactured by

LMDw is presented in Fig. 5-a. In this macrograph, etched

with modified Beraha reagent, the dark phase represents

ferrite, while the bright phase corresponds to austenite. The

multi-bead, multi-layer processing results in two dominant

microstructures: (i) predominantly ferritic regions with a

small amount of primary austenite (around 2%) that forms

primarily along ferrite grain boundaries (Fig. 5-b), and (ii)

reheated regions with a high fraction of secondary austenite

(up to 33 ± 3%) (Fig. 5-c). In DSS, the austenite that forms

during initial cooling after solidification is called primary

austenite, while the austenite that forms due to additional

reheating and cooling cycles is called secondary austenite.

Some small pores and possibly lack of fusion defects be-

tween individual beads were observed. Defects are consid-

ered a major challenge in AM, for example enabling crack

initiation [45]. The few pores and lack of fusion defects

observed in this work are consistent with previous studies on

laser metal deposition of stainless steel wire [46]. As indi-

cated earlier, care was taken not to include defects in the

sample surfaces extracted for corrosion testing. Future

studies should explore the role of defect on corrosion

behavior specifically.

As can be seen in Fig. 6-a, the electrolytic etching with

oxalic acid revealed the presence of clusters of small black

precipitates inside the ferrite matrix which are interpreted as

chromium nitrides [9,10,16]. Nitride-free zones were also

observed around the primary austenite (Fig. 6-a) and where

the austenite spacing is low (Fig. 6-b).While during deposition,

austenite could only be formed at the ferrite/ferrite grain

boundary, reheating due to deposition of the following bead

caused the formation of Widmanst€atten and intragranular

austenite. In addition, both nitrides and secondary austenite

formed on the ferritic matrix with relatively higher austenite

spacing.

The LMDw DSS after post-build heat treatment at 1100 �C
for 1 h is shown in Fig. 7. The microstructure is homogeneous

across the built with relatively equal fractions of ferrite and

austenite. An austenite percentage of 50 ± 1% was measured

via image analysis including grain boundary, Widmanst€atten,

and intragranular austenite.

3.2. Chemical composition analysis

The BSE-SEM images and EDS maps of the DSS produced by

LMDw in AD and HT conditions are shown in Fig. 8. In both

maps, the right side of themap is the ferrite phase, and the left

side is the austenite phase. In the as-deposited condition

(Fig. 8-a), EDS analysis reveals that the content of substitu-

tional alloying elements (Cr, Mo, and Ni) is similar in the

ferrite and austenite phases. Nitrogen, in contrast, is slightly

enriched in the austenite. After heat treatment, the BSE image

and EDS map (Fig. 8-b) indicate partitioning of substitutional

alloying elements towards the equilibrium condition, i.e., Cr

and Mo are enriched in the ferrite phase, while Ni is enriched

in the austenite phase.

Data from EDS point analysis is presented in Table 3 and

reiterates the results obtained from mapping. The ferrite and

austenite compositions are very similar in the as-deposited

condition. Note that EDS is generally a qualitative and semi-

quantitative measurement technique, in particular the quan-

tification of nitrogen is not possible from EDS due to its low

atomic number. Therefore, the nitrogen values provided in

Table 3 only serve as an indication that the nitrogen level is

higher in the austenite phase as compared to the ferrite phase.

In the heat-treated condition, Cr and Mo are concentrated in

the ferrite phase, while Ni and N are enriched in the austenite

phase.

Table 2 e Chemical composition of the LMDw DSS
cylinder [35].

C Si Mn P S Cr Ni Mo Cu N Fe PREN

0.014 0.48 1.42 0.018 0.002 23.54 8.30 3.32 0.06 0.11 Bal. 36.26

Fig. 5 e a) Optical micrograph of the as-deposited microstructure of the LMDw DSS cylinder showing b) predominantly

ferritic regions with a small fraction of primary austenite, and c) reheated regions with a high fraction of secondary

austenite.
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3.3. Thermodynamic and kinetic calculations

The results from diffusion calculations are presented in Fig. 9

and Table 4. It is assumed that austenite forms from the ferrite

phase during cooling from 1400 �C to 1000 �C in 0.5 s. The

width of the austenite grain is about 1e2 mm, which is in the

range of what was seen for the size of primary grain boundary

austenite in optical microscopy (Fig. 5-c). The contents of Cr,

Mo, and Ni are around 23.5%, 3.3%, and 8.3% in austenite

which are similar to the ferritic matrix. However, N increases

from 0.04% in ferrite to 0.45% in austenite, demonstrating

diffusion of N from ferrite to austenite. It should be noted that

the significant changes and sharp peaks in the content of Cr,

Mo, and Ni at the ferrite-austenite boundary are due to the

nature of the moving boundary type DICTRA simulation.

DICTRA keeps the phase boundary in equlibrium at all times

during the simulation. This implies that the chemical com-

positions on either sides of the boundary must align with the

tie-line chemistries for ferrite and austenite, even as the

temperature is rapidly decreasing.

The predicted ferrite and austenite composition from the

equilibrium calculation at 1100 �C are presented in Table 4. Ni

and N are predicted to be enriched in austenite, while Cr and

Mo are predicted to be accommodated in the ferrite phase.

Considering the elemental compositions obtained from the

thermodynamic and kinetic calculations, the pitting resis-

tance equivalent number (PREN¼%Crþ 3.3%Moþ 16%N) [42]

was calculated for the ferrite and austenite phase in the as-

deposited and heat-treated conditions and included in Table

4. These calculations suggest that the austenite phase has a

Fig. 6 e Microstructures of the as-deposited LMDw DSS electrolytically etched with oxalic acid: a) Nitride formation inside of

ferrite grains and nitride-free zones close to grain boundary austenite; and b) formation of either nitrides or secondary

austenite in areas with relatively larger austenite spacing. The bottom region in both images shows the reheated

microstructure with a high amount of secondary austenite, while the top (non-reheated) regions are predominantly ferritic

with nitrides and little primary austenite.

Fig. 7 e LMDw DSS microstructure after heat treatment at 1100 �C for 1 h at two different magnifications showing

homogeneous distribution and balanced fractions of ferrite and austenite.
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higher PREN value compared to ferrite in the as-deposited

condition. While after heat treatment, the ferrite phase has

a higher PREN value as compared to the austenite.

3.4. Corrosion resistance

Fig. 10-a shows representative cyclic potentiodynamic polar-

ization (CPP) curves for the three different LMDwDSS samples

(OS-AD, B-AD, andHT) recorded in 1.0MNaCl solution at room

temperature. All samples exhibited awide passive range and a

passive current density during the forward scan of less than

10�4 A/cm2, indicating the formation of a passive film on the

sample surface. At anodic potentials higher than 1.1 VAg/AgCl,

the current density sharply increased for all samples due to a

combination of oxygen evolution and transpassive dissolution

resulting from the generation of Cr6þ and Mo6þ species. Dur-

ing the reverse scan, the anodic current densities decreased

significantly for all samples. The cross-over potential from

anodic to cathodic current was observed at approximately 0.7

VAg/AgCl. Because CPP curves are plotted in terms of the log of

absolute current density for convenience of visualization, the

cross-over potential is indicated by the extremely low current

density inflection point (essentially, the current changes sign

at this potential). This high cross-over potential during the

reverse scan indicates that the samples were covered by a

stable passive film that resulted in low anodic current

densities. The negative hysteresis (i.e., the current during the

reverse scan is less than that during the forward scan) in the

CPP curves of all samples indicates uniform corrosion in the

transpassive region rather than localized (pitting) corrosion. It

can be concluded that the polarizationmeasurements at room

temperature did not show any significant difference in pitting

corrosion resistance between the OS-AD, B-AD and HT sam-

ples in terms of pitting potential and passive current density.

Representative critical pitting temperature (CPT) mea-

surements in 1.0 M NaCl solution with a temperature ramp of

~1 �C/min are presented in Fig. 10-b. The CPT represents the

minimum temperature at which stable pits start to grow,

evidenced by the sharp increase in current density observed

as a static potential and temperature ramp are applied. A

current density threshold of 100 mA/cm2 was used to isolate

critical temperatures. The OS-AD sample showed the lowest

critical temperature at an average value of 60 ± 0.6 �C. The B-

AD and HT samples exhibited higher critical temperatures

with an average of 73 ± 0.6 �C and 68 ± 0.9 �C, respectively.
Fig. 11 shows images from optical microscopy of the CPT

test sample surfaces. The OS-AD sample exhibited typical

pitting corrosion behaviormanifested as clustered pits (Fig. 11-

a). In contrast, no substantial pittingwas observed on the B-AD

and HT sample surfaces, however, crevice corrosion occurred

near the edge of themount. Fig. 11-b shows corrosion on the B-

AD sample surface along the leading edge of the crevice.

Preferential corrosion occurred in the ferritic regions of the

Fig. 8 e BSE images and SEM-EDS maps of LMDw DSS: a) in as-deposited condition, and b) after heat treatment. The high

cooling rate of LMDw suppresses the diffusion of substitutional elements (Cr, Mo, Ni). Only the N content is different in the

as-deposited austenite and ferrite phase. Heat treatment (1 h at 1100 �C) provided enough time at elevated temperatures for

element distribution in ferrite and austenite toward equilibrium composition.

Table 3 e Composition of the ferrite and austenite phase
from SEM/EDS point analysis in as-deposited condition
and after heat treatment. Values are given as averages
from two separate measurements.
(*) Note that quantification of N is not possible from EDS
data; values are given only as an indication that N content
is higher in the austenite phase as compared to the ferrite
phase.

Cr Ni Mo Mn N*

As-Deposited Ferrite 24.4 8.3 3.4 1.4 0.0

Austenite 24.2 8.4 3.4 1.4 0.1

Heat-Treated Ferrite 26.6 6.4 4.2 1.4 0.0

Austenite 21.5 10.5 2.6 1.6 0.2
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Fig. 9 e Elemental partitioning between ferrite and austenite after cooling from 1400 to 1000 �C in 0.5 s. The high cooling rate

of LMDw restricts the diffusion of substitutional elements (Cr, Ni, and Mo). Nitrogen (interstitial) is the only element that

diffuses between ferrite and austenite and gets enriched in the austenite phase.

Table 4 e Predicted chemical composition of ferrite and austenite phase from thermodynamic and kinetic calculations in
Thermo-Calc, and corresponding pitting resistance equivalent number (PREN).

Phase Cr Ni Mo Mn N PREN

Dictra calculation- ferrite to austenite transformation Ferrite 23.6 8.3 3.3 1.4 0.05 35.29

Austenite 23.5 8.3 3.3 1.4 0.45 42.39

Equilibrium calculation at 1100 �C Ferrite 26.6 5.8 4.2 1.2 0.038 41.07

Austenite 20.8 10.3 2.5 1.5 0.17 31.77

Fig. 10 e a) Cyclic potentiodynamic polarization (CPP) curves obtained in 1.0 M NaCl solution at room temperature and b)

critical pitting temperature (CPT) curves in 1.0 M NaCl solution with a temperature ramp of ~1 �C/min for the as-deposited

outer surface (OS-AD), bulk (B-AD) and heat-treated (HT) LMDw DSS samples. The average values for CPT along with the

corresponding standard deviations measured from at least three measurements for each sample are also included.
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Fig. 11 e Optical microscopy images of CPT test sample surfaces: (a) Clustered corrosion pits in the outer-surface as-

deposited (OS-AD) sample, (b) crevice corrosion near the edge of the mount of the bulk as-deposited (B-AD) sample with

preferential corrosion in the grain interior; and (c) crevice corrosion near the edge of the mount of the heat-treated (HT)

sample with preferential corrosion along the grain boundaries and inside the grains.
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grain interior, while the secondary austenite and grain

boundary austenite remained intact. Crevice corrosion near

the edge of themount in theHT sample is shown in Fig. 11-c. In

contrast to what was seen in the B-AD sample, corrosion in the

HT sample occurred preferentially along the grain boundary

austenite and intragranular austenite.

To further differentiate between the three sample condi-

tions and evaluate the effect of the different microstructures

on corrosion resistance, additional CPP curves were obtained

in 1.0 M NaCl solution at elevated temperature (50 ± 2 �C)
(Fig. 12). For testing at elevated temperatures, the electro-

chemical cell was placed on a hot plate (Fisher Isotemp) to

maintain a temperature of 50 �C (±2 �C) throughout the test.

The temperature was measured by a K-type thermocouple

inserted into the cell. Contrary to what was observed at room

temperature, the CPP curves in Fig. 12 show a well-defined

passive current density below or at around 10�6 A/cm2. A

positive hysteresis loop associated with pitting corrosion is

observed, i.e. the reverse scan current is higher than the for-

ward scan current. The pitting potential (Epit) is the potential

above which stable pits initiate rapidly. It is characterized by a

sudden increase in current density as the potential is stepped

up. The potential below which stable pits cease to grow is

termed the repassivation potential (Erp), which is taken when

the hysteresis loop is complete. and the current density rea-

ches the passive current density set at a static value of 10�6 A/

cm2. As can be seen in Fig. 12, the B-AD and HT samples

exhibit a different behavior than the OS-AD sample when

tested at elevated temperature (50 ± 2 �C). The OS-AD sample

shows the lowest average pitting potential (72 ± 8 mVAg/AgCl)

while the B-AD and HT samples have significantly higher

average pitting potentials of 643 ± 178 mVAg/AgCl and 826 ± 70

mVAg/AgCl, respectively. The OS-AD and HT samples exhibit

the highest repassivation potential with an average of

�130 ± 40mVAg/AgCl and�134 ± 75mVAg/AgCl, respectively. The

B-AD sample showed the lowest average repassivation po-

tential of �165 ± 34 mVAg/AgCl.

4. Discussion

Duplex stainless steel (DSS) cylinder was produced by laser

metal deposition with wire (LMDw) and subsequently heat

treated at 1100 �C for 1 h. In this section, the relationship be-

tween microstructure, chemical composition, and corrosion

resistance are discussed in the as-deposited (AD) and heat-

treated (HT) conditions.

4.1. As-deposited and heat-treated laser metal deposited
microstructure

In AD condition, the microstructure was inhomogeneous

including regions with almost fully ferritic microstructure

and regions with a high fraction of secondary austenite.

Upon deposition, the DSS solidifies as 100% ferrite, and then

the ferrite phase partially transforms into austenite [2]. In

LMDw, the high cooling rate (103e105 �C/s) [43,44] of the

process restricts sufficient ferrite to austenite trans-

formation, and therefore the structure remains predomi-

nantly ferritic with a low austenite fraction. In addition,

austenite formation on cooling is limited due to nitrogen loss

during LMDw processing [2,15,16]. Due to the limited amount

of austenite, nitrogen is supersaturated in the ferrite phase.

Nitrogen solubility in ferrite decreases with the decrement in

temperature, which leads to the precipitation of chromium-

rich nitrides inside the ferrite grains (Fig. 6). Both nitrides

and secondary austenite formed in the ferritic region with

higher austenite spacing. In regions with low austenite

spacing, nitrogen diffuses into the austenite due to the short

diffusion path, and subsequently, there is no nitrogen avail-

able for nitride formation. Reheating due to the deposition of

subsequent beads and layers increases the amount of

austenite because of further growth of existing (primary)

austenite, formation of Widmanst€atten austenite, and

nucleation of intragranular austenite (Fig. 5-c). In the high

temperature heat-affected zone of individual beads, reheat-

ing dissolves the chromium-rich nitrides in the ferrite matrix

and provides time at elevated temperatures for nitrogen

diffusion and subsequent secondary austenite formation.

Fig. 6-a and 6-b show the high amount of secondary austenite

in the high temperature heat-affected zone (bottom region)

as compared to the predominantly ferritic structure with

finely dispersed nitrides and little primary austenite (top re-

gion). After 1 h heat treatment at 1100 �C, however, the

microstructure was homogeneous with balanced fractions of

ferrite and austenite. Heat treatment, in addition, caused

dissolution of chromium nitrides, and the growth and

coarsening of both primary and secondary austenite.

4.2. Partitioning of alloying elements in laser metal
deposition and post-process heat treatment

The SEM-EDS chemical composition analysis revealed that in

AD condition, ferrite and austenite phases have almost

similar contents of alloying elements and nitrogen is the only

element differs in these two phases. In LMDw, the imple-

mentation of a water-cooling system resulted in a notably

elevated cooling rate. The high cooling rate severely sup-

presses the diffusion and the segregation of substitutional

alloying elements. Nitrogen as a fast-diffusing interstitial

element is able to diffuse to the austenite during initial cooling

from solidification and during subsequent reheating cycles.

However, after heat treatment, the ferrite-stabilizer elements

like Cr and Mo were partitioned in ferrite and the austenite-

promoting elements like Ni were distributed in austenite.

The heat treatment provided enough time at elevated tem-

peratures for the diffusion and partitioning of alloying ele-

ments in ferrite and austenite.

The thermodynamic calculation via Dictra for austenite

formation during deposition, similarly, demonstrated the

contents of Cr, Mo, and Ni are similar in ferrite and austenite.

However, nitrogen diffuses in austenite. This is in good

agreement with what was measured experimentally on the

as-deposited LMDw DSS using SEM-EDS (Table 3). Nitrogen is

the only element that diffuses from the ferritic matrix to the

austenite that formed at the ferrite/ferrite grain boundary

during initial cooling from solidification. In addition, accord-

ing to equilibrium calculation at 1100 �C, the Ni and N are

predicted to be enriched in austenite, while Cr and Mo are

predicted to be accommodated in the ferrite phase. The
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compositions of ferrite and austenite are close to what was

measured experimentally in the heat-treated LMDw DSS

using SEM/EDS, indicating that the system is approaching

equilibrium after 1 h at heat treatment temperature.

4.3. Effect of laser metal deposited microstructure on
corrosion resistance

Corrosion testing at room temperature did not show any

significant differences in pitting corrosion resistance be-

tween the DSS samples produced by LMDw in AD and HT

conditions, despite significant differences in the microstruc-

tures. All samples showed a high corrosion resistance with a

wide passive region and stable surface up to 1.1 VAg/AgCl, at

which transpassive dissolution occurred associated with

uniform corrosion rather than pitting. The lack of a hysteresis

loop in the CPP curves and the absence of pitting on the

sample surface for all samples indicates that the LMDw

samples in AD condition has comparable corrosion perfor-

mance at room temperature and at comparable chloride

concentration relative to the HT sample. This is in good

agreement with previous work on LPBF of 22% Cr DSS, which

showed almost fully ferritic as-build microstructures that

had comparable corrosion resistance at room temperature as

compared to the HT condition [38,39]. Results from the pre-

sent study show that the high cooling rates in LMDw, albeit

somewhat lower than in LPBF, similarly create a predomi-

nantly ferritic structure in the last deposited layer (i.e., the

OS-AD sample). At room temperature, the numerous

chromium-rich nitrides inside this predominantly ferritic

microstructure (Fig. 6-a) do not appear to act as initiation

sites for pitting corrosion. From arc welded DSS, it is known

that Cr-depleted regions around chromium-rich nitrides

cause initiation of localized corrosion if exposed to aggressive

environments [47]. However, nitride size, distribution, and

local chemical environment also affect their susceptibility to

serve as corrosion initiation sites [48]. Hadghdadi et al. [37]

reported that nano-sized chromium-rich nitrides did not

cause localized corrosion in as-deposited LPBF DSS when

tested in 1.0 M NaCl at room temperature. In addition, it was

shown that while Cr-depleted regions were present around

the Cr2N using atom probe tomography, the level of Cr stayed

above the critical level for corrosion resistance i.e., 13 wt% Cr.

The bulk as-deposited (B-AD) LMDw DSS in this study

exhibited a mixed microstructure of predominantly ferritic

regions, and reheated regions that contain up to 33 ± 3%

austenite due to partial reheating of the underlying layer

during the multi-layer deposition process. During reheating,

nitrides get dissolved in the ferritic matrix, and subsequently

secondary austenite forms. Diffusion of substitutional ele-

ments during reheating cycles is limited, hence the austenite

phase is very similar in composition of the substitutional

Fig. 12 e Cyclic potentiodynamic polarization (CPP) curves for a) the as-deposited outer surface (OS-AD), b) bulk (B-AD), and c)

heat-treated (HT) LMDw DSS samples, as well as d) a comparative graph. All obtained in a 1.0 M NaCl solution at an elevated

temperature of 50 ± 2 �C.
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alloying elements compared to the ferrite matrix but has a

higher nitrogen content. Nitrogen is a fast diffuser and

can easily be redistributed even under the high cooling

rate conditions of LMDw. After the heat treatment, a

balanced austenite-ferrite microstructure is formed, and the

chromium-rich nitrides are dissolved. Moreover, Cr and Mo

are accommodated in the ferrite phase, while Ni and N are

enriched in the austenite phase.

As described, the differences in microstructures in terms

of phase fraction, elemental distribution, and presence of

chromium-rich nitrides in the as-deposited and heat-treated

LMDw DSS did not result in any significant differences in

corrosion resistance at room temperature. However, differ-

ences in corrosion resistance were apparent from the critical

pitting temperature (CPT) measurements [37,47,48]. The

critical temperature was lowest (60 ± 0.6 �C) for the OS-AD

sample, which showed evidence of clustered pits on the

sample surface (Fig. 11-a). Chromium-rich nitrides in the

predominantly ferritic microstructure may have served as

initiation sites for pitting. This would indicate the importance

of temperature on their susceptibility to serve as initiation

sites for pitting corrosion [49,50], as these nitrides remained

stable during CPP room temperature testing. Also, the high

cooling rate and the resulting depletion of N may have

rendered the ferritematrix susceptible to pit initiation. The B-

AD and HT samples achieved critical temperatures of

73 ± 0.6 �C and 68 ± 0.9 �C, respectively, and therefore showed

higher critical temperatures as compared to the OS-AD

sample. However, the B-AD and HT samples did not show

typical corrosion pits on the sample surface, but crevice

corrosion occurred near the edge of the mounted samples.

Interestingly the regions in which preferential corrosion

occurred in the microstructure differed between the B-AD

and HT samples. On the B-AD sample surface, corrosion

occurred preferentially in the ferrite phase of the grain inte-

rior, while the grain boundary austenite and secondary

austenite remained intact (Fig. 11-b). Selective dissolution of

ferrite above the CPT has been previously reported in 22% Cr

DSS to be due to the depletion of N [38]. The ferrite and

austenite phases in the B-AD sample are of similar compo-

sition in terms of Cr and Mo, but the ferrite phase is depleted

in N, making it more susceptible to dissolution at tempera-

tures above the CPT. In contrast, preferential corrosion in the

HT sample occurred in the austenite phase along the grain

boundaries and in the grain interior, while the ferrite phase

remained intact (Fig. 11-c). The heat treatment resulted in a

redistribution of alloying elements toward the equilibrium. In

HT condition, the concentration of Cr and Mo is higher in the

ferrite. As a result, the austenite becomes the weaker phase,

less stable, and more susceptible to corrosion due to the

depletion of Cr andMo. The observed differences in corrosion

resistance of the ferrite and austenite phases are in good

agreement with the calculated PREN values for the AD and HT

conditions (see Table 4). The B-AD and HT samples showed

higher critical temperatures than the OS-AD sample, despite

exhibiting crevice corrosion. Typically, crevice corrosion

leads to a lower critical temperature because of the greater

restriction to the access of bulk electrolyte and the resulting

maintenance of a concentrated critical solution chemistry in

pits within the creviced area. However, the crevices present

in the samples were not controlled andmay have led to small

differences in critical temperatures between the HT and B-AD

samples. Nevertheless, the differences between these con-

ditions and the OS-AD condition suggests a strong role of

microchemistry on localized corrosion. Future testing should

investigate crevice-free configuration to compare the CPT

and measure a reproducible critical crevice temperature

using controlled crevice devices. It should be noted that

practical applications, crevices are difficult to avoid and a

critical crevice temperature may be a more conservative

measure of the localized corrosion resistance of the duplex

stainless steel.

At the elevated temperature (50 ± 2 �C), the occurrence of

hysteresis in the CPP curves correlated to localized corrosion

of the additively manufactured DSS by LMDw in both AD and

HT conditions. Similar to what was observed in the CPT

measurements, pitting corrosion occurred on the OS-AD

sample surface, while crevice corrosion near the edge of

themount was observed in the B-AD and HT samples. A large

difference was observed in the obtained pitting potential.

The predominantly ferritic structure in the last deposited

layer (OS-AD) showed a significant lower pitting potential as

compared to the ferritic-austenitic (roughly 70-30%) struc-

ture of the B-AD sample and the balanced ferrite-austenite

structure after heat treatment. The increment of the tem-

perature increases the aggressiveness of the test solution, i.e.

accelerates the activity of Cl� and promotes the dissolution

of corrosion products. It is hypothesized that, contrary to

what was observed at room temperature, chromium-rich

nitrides acted as initiation sites for pitting corrosion on the

OS-AD sample surface at elevated temperatures [49,50],

similar to what was observed at temperatures above the CPT.

Moreover, the N depletion of the ferrite phase may have

lowered the resistance of the ferrite matrix to pit initiation. A

slightly higher repassivation potential was obtained for the

OS-AD and HT samples as compared to the B-AD sample.

However, the difference in repassivation characteristics be-

tween the samples was much less pronounced. The OS-AD

sample exhibited a low pitting potential and a small hyster-

esis. The repassivation potential is a function of the charge

passed [51,52]. The B-AD and HT samples showed a much

larger hysteresis and therefore a much larger charge passed

than the OS-AD sample. A comparison of repassivation po-

tentials under equivalent charge, for example by using the

ASTM G-192 [53] procedure, may have shown differences in

repassivation potentials.

5. Conclusions

Microstructure, elemental distribution, and corrosion resis-

tance of a DSS cylinder additively manufactured by laser

metal deposition with wire (LMDw) were characterized in the

as-deposited condition and after a post-process treatment.

The results of this study demonstrate how differences in the

microstructure in terms of ferrite-to-austenite ratio, distri-

bution of corrosion resistant elements and the presence of

nitrides affect the corrosion resistance of DSS additively

manufactured by LMDw in AD and HT conditions. The

following conclusions can be drawn:
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1. As-deposited LMDw microstructure consisted of predomi-

nantly ferritic regions with a small fraction of primary

austenite (~2%) and numerous chromium-rich nitrides.

EDS measurements and Dictra calculation indicated

similar Cr, Mo, andNi content in ferrite and austenite in AD

condition. Heat treatment at 1100 �C balanced ferrite and

austenite fractions, facilitating diffusion of Cr, Mo to ferrite

and Ni, N to austenite.

2. Room temperature CPP measurements revealed no signif-

icant difference in corrosion resistance between AD and

HT conditions. The observedmicrostructural variations did

not impact the electrochemical response.

3. The AD sample's predominantly ferritic microstructure

with chromium-rich nitrides exhibited the lowest CPT at

60 �C, while reheated AD with an increased austenite

fraction (up to 33%) and HT samples with a balanced ferrite

to austenite microstructure showed higher CPT values

(73 �C and 68 �C).
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Abstract 

Duplex stainless steel (DSS), specifically the 2209 grade, is increasingly employed in additive 
manufacturing, particularly in processes like directed energy deposition using a laser beam with 
wire (DED-LB/w). However, a significant challenge arises when DSS faces brittleness within the 
temperature range of 250-500 °C. This study employs advanced characterization techniques, 
including atom probe tomography (APT) and transmission electron microscopy (TEM), to 
investigate DSS embrittlement after aging at 400 °C up to 1000 hours. The hardness analysis 
revealed that the higher Ni content in DED-LB/w-fabricated DSS cylinder promotes the age 
hardening compared to 2205 wrought DSS plate. Furthermore, APT and TEM demonstrated that, 
alongside the decomposition of ferrite into Fe-rich (α) and Cr-rich (αʹ) phases, clustering of Ni, 
Mn, and Si atoms are contributing to the embrittlement. Although the Ni-Mn-Si-rich clusters could 
suggest nucleation of G-phase, the G-phase crystal structure was not observed by TEM. This might 
be attributed to the short aging time or limitations in the characterization technique. This work 
underscores the impact of characterization techniques on the measurement of spinodal 
decomposition, with APT providing capability of detecting nanometer sized clusters. By elucidating 
the complexities of 475 °C-embrittlement in DED-LB/w DSS, this study offers valuable insights 
for industrial applications and a deeper understanding of age hardening in duplex DSSs under 
specific manufacturing conditions. 

 

Keywords: Duplex stainless steel; Age hardening; Spinodal decomposition; Ni-Mn-Si clusters; 
Atom probe tomography, Transmission electron microscopy 
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1. Introduction 

Duplex stainless steels (DSSs) exhibit a two-phase microstructure, consisting of approximately 
equal fractions of austenite and ferrite. Thanks to their high corrosion resistance and good 
mechanical properties, DSSs find widespread applications across industries like, oil and gas, 
petroleum refining, chemical manufacturing, and nuclear energy. However, a significant challenge 
arises when DSSs are exposed to temperatures within the range of 250-500 °C. This occurs due to 
the decomposition of the ferrite phase into Fe-rich (α) and Cr-rich (αʹ) phases, a phenomenon 
known as 475 °C-embrittlement, as it exhibits the most rapid embrittlement kinetics at 475 °C. The 
decomposition of ferrite occurs as a result of the presence of a miscibility gap within the Fe-Cr 
system and can occur through either the nucleation and growth or the spinodal decomposition 
mechanism. In the presence of other alloying elements like Ni, Mn, Mo, and Si, age hardening of 
DSS at 475 °C can also be the result of the formation of additional intermetallic compounds, such 
as G-, R-, or χ-phase [1–3]. 

The advent of additive manufacturing (AM) has opened up new avenues for producing nearly fully 
shaped components of DSS, offering reduced material waste, tailored properties, and intricate 
designs. Directed energy deposition using a laser beam with wire feedstock (DED-LB/w), also 
known as laser metal deposition with wire (LMDw), represents an AM technique utilizing a laser 
beam energy source to melt the wire feedstock, enabling the deposition of material layer by layer 
to construct the desired component. The rapid cooling rate inherent to the DED-LB/w process, 
however, hinders sufficient austenite formation, resulting in a prevalence of high ferrite fractions 
within additively manufactured DSS components. Unfortunately, this dominance of ferrite can 
detrimentally affect the toughness and corrosion resistance of these materials. To counteract the 
effects of the rapid cooling, specially formulated filler materials (with 2-4% higher Ni content), 
originally designed for welding, have been utilized for AM applications. In addition to unbalanced 
microstructure, the high cooling rate of DED-LB/w causes limited partitioning of alloying 
elements in ferrite and austenite [4]. Consequently, the ferrite present in additively manufactured 
DSS exhibits notably higher Ni contents compared to the ferrite in wrought DSS.  

There have been many studies on the 475 °C embrittlement in DSS, and some have explored DSS 
welds. However, a research gap exists when it comes to investigating the 475 °C embrittlement of 
additively manufactured DSS. Several investigations [3,5,6] have highlighted the influential role of 
Ni in promoting age hardening of DSS when exposed to temperatures ranging from 200 °C to 
500 °C.  Zhou et al. [5] investigated the effect of chemical composition on the kinetics of phase 
separation in DSS welds. Their findings revealed a more pronounced phase separation and 
clustering of Ni-Mn-Si-Cu in the weld metal, attributed to the higher Ni content. Garfinkel et al. 
[6] conducted a study on age hardening of both wrought and welded DSS at 427 °C, revealing  the 
role of Ni and Mo in the formation of G-phase, which leads to age hardening of the ferrite. Sakata 
et al. [3] provided evidence that an increased Ni content accelerates spinodal decomposition and 
the formation of solute clusters, thus contributing to age hardening of the ferrite in multi-pass 
welding of DSS. All three of these studies were in agreement that a higher Ni content promotes 
the decomposition of ferrite into α and αʹ phases. Additionally, in conjunction with the presence 
of Mn and Si, it triggers the formation of G-phase [7].  

Among DSS grades, 2205 DSS, containing roughly 22% Cr, stands out as a favored choice thanks 
to the beneficial combination of corrosion resistance, strength, toughness, and cost-effectiveness. 
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The designated filler material for welding this grade is 2209 DSS, which belongs to the same 22% 
Cr category. However, it has a 4% higher Ni content, aimed at promoting the formation of 
austenite during the welding process. The utilization of 2209 DSS has extended to the realm of 
AM, particularly when utilizing wire as feedstock material. The objective of this study, therefore, is 
to compare the age-hardening behavior of a DED-LB/w component fabricated using 2209 DSS 
and 2205 wrought DSS plate. Atom probe tomography (APT) and transmission electron 
microscopy (TEM) were employed to elucidate the age-hardening mechanisms of DSS fabricated 
by the DED-LB/w process with enhanced Ni content.  

2. Experimental 
2.1. Materials 

In this study, an additively manufactured cylinder with 2209 DSS (EN ISO 14343-A: G 22 9 3 N 
L) wire and conventionally wrought 2205 DSS (UNS S32205) plate were utilized. The 2209 DSS 
cylinder, as illustrated in Figure 1-a, was fabricated through DED-LB/w, revealing a layer-by-layer 
microstructure, as shown in Figure 1-b. Within this microstructure, the darker regions primarily 
comprises ferrite, while the brighter regions contain a significant fraction of austenite [8]. Based on 
the phase map extracted from electron backscatter diffraction (EBSD) analysis of the top layer 
deposited bead, the microstructure is predominantly ferritic, as depicted in Figure 1-c. More details 
about the fabrication of the cylinder can be found in Ref. [8]. The chemical composition of the 
wrought 2205 DSS and the additively manufactured cylinder, as provided by the material producer 
certificate and a prior study [8], respectively, is outlined in Table 1. It should be mentioned that 
nitrogen loss during the DED-LB/w process resulted in a lower nitrogen content in the cylinder 
compared to feedstock 2209 wire [9]. 
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Fig. 1. a) Additively manufactured cylinder by DED-LB/w, b) layer by layer microstructure of the cylinder (The 
darker areas consist mainly of ferrite, whereas the brighter regions contain a high fraction of austenite), c) phase 

map of last layer (almost fully ferritic microstructure), and d) 2205 wrought DSS plate microstructure. 

Table 1. Chemical composition of the 2205 wrought and 2209 DED-LB/w DSS (wt.%). 
 C Si Mn P S Cr Ni Mo Cu N 

2205 wrought DSS plate 0.016 0.32 1.77 0.027 <0.001 22.77 5.50 3.07 0.21 0.18 
2209 DED-LB/w DSS cylinder 0.014 0.48 1.42 0.018 <0.002 23.54 8.30 3.32 0.06 0.11 
 

2.2. Aging heat treatment 

The 2209 DED-LB/w DSS cylinder and the 2205 wrought DSS plate underwent isothermal aging 
at 400 °C for durations of 10, 50, 200, and 1000 hours in an ambient atmosphere, followed by air 
cooling. The selection of the aging temperature was motivated by the existing body of research 
conducted using this temperature, which in turn facilitates a meaningful comparison of the 
performance of DED-LB/w components and those produced using conventional fabrication 
methods [10,11].  

2.3. Vickers microhardness test 

The Vickers hardness measurements were conducted using a Struers Duramin-40 instrument, 
applying a load of 10 gf (gram-force) and a dwell time of 10 seconds. The reported hardness value 
for each sample represents an average of at least 10 measurements specifically on the ferrite phase. 

2.4. Microstructure characterization 

The DED-LB/w aged samples were analyzed by APT and TEM.  

For APT, rods with dimensions of 0.3 x 0.3 x 15 mm3 were extracted via high precision cutting 
from ferritic areas of the DED-LB/w component. The middle of the rods was subjected to an 
electropolishing procedure, resulting in the creation of two needle-shaped specimens. The 
electropolishing procedure encompassed two stages at a voltage of 22 V. The initial stage employed 
an electrolyte consisting of 10 % perchloric acid, 20 % glycerol, and 70 % ethanol, followed by a 
second stage utilizing an electrolyte consisting of 2% perchloric acid and 98 % 2-butoxyethanol. 
APT was done with a pulse fraction of 20 %, at a temperature of 70 K. A local electrode atom 
probe, LEAP 6000 XR (Cameca), was employed. The software AP Suite 6.3 was used to reconstruct 
and analyze the APT data.  

The approach introduced by Zhou et al. [5,12] using the radial distribution function (RDF) was 
used to determine the wavelength and the amplitude of the spinodal decomposition. The RDF can 
be used to detect phase separation. The RDF represents the average radial concentration profile 
starting from each and every detected atom of the selected element. The measured concentration 
at each position was normalized with respect to the average bulk concentration. The RDF can be 
expressed as:  

𝑅𝑅𝑅𝑅𝑅𝑅(𝑟𝑟)  =  𝐶𝐶𝐸𝐸(𝑟𝑟)/𝐶𝐶0  =  (𝑁𝑁𝐸𝐸(𝑟𝑟)/𝑁𝑁(𝑟𝑟))/𝐶𝐶0 
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where CE(r) is the composition of element E at a distance r, C0 is the average composition of 
element E in the analyzed volume, NE(r) is the total number of atoms of element E at a distance r, 
and N(r) is the total number of atoms of all elements at a distance r. The spinodal amplitude, which 
is the Cr amplitude, can be estimated by RDFCr at zero distance, which is determined by 
extrapolating the RDF curve to zero distance. The amplitude of the spinodal decomposition is: 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 = 𝐶𝐶0√2(𝑅𝑅𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶(0) − 1) 

The wavelength was estimated by the distance of the first local maximum in the bulk normalized 
RDFCr curve. For providing three-dimensional (3D) iso-concentration surfaces, the thresholds of 
63 at. % Fe, 31 at. % Cr, and 20 at. % Ni+Mn+Si were used for Fe-rich, Cr-rich, and Ni-Mn-Si- 
rich volumes, respectively. 

For TEM analysis, the sample extraction was carried out using the focus ion beam (FIB) technique 
[13]. The Helios NanoLab 600 equipped with a field emission gun (FEG) electron source was used 
for FIB extraction. Initially, a thin foil with an approximate thickness of 1 μm was extracted from 
a region exhibiting complete ferritic microstructure. After that, the foil underwent FIB thinning, 
reducing its thickness to below 100 nm. The Titan 60-300 TEM with a high coherence field 
emission electron gun (X-FEG) and the Tecnai F20 were used to get energy dispersive 
spectroscopy (EDS) and diffraction patterns to analyze the chemical composition and crystal 
structure, respectively. 

 

3. Results 

In this section, firstly hardness analyses of both the 2205 wrought DSS plate and the 2209 DED-
LB/w DSS cylinder are presented. Following this, a comprehensive exploration of the 2209 DED-
LB/w DSS is provided through APT and TEM analyses with more details. 

3.1. Hardness analysis 

The Vickers microhardness results for the ferrite phase in the 2205-wrought DSS plate and 2209 
DED-LB/w DSS cylinder are presented in Fig. 2. Precise hardness measurements were performed 
by positioning indentations completely in the ferrite phase to prevent any influence from the 
austenite. Furthermore, the smallest indentations were used, thus minimizing the potential 
influence of austenite that might be present in the underlying layers.  

Before aging, the hardness of 2205-wrought DSS was 317 HV while the hardness of 2209- DED-
LB/w DSS was 349 HV. Upon aging at 400 ºC, consistently across all aging dwell times, the 
hardness of the DED-LB/w sample surpasses that of the wrought counterpart. Comparing the 
aging of the two samples after 10 hour dwell time, it can also be seen that the DED-LB/w sample 
has faster kinetics of age hardening at early stages of aging. Following 1000 hours of aging, the 
ferrite hardness in the 2205-wrought DSS measures at 480 HV, while the 2209- DED-LB/w DSS 
exhibits a value of 564 HV.  
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3. Results 

In this section, firstly hardness analyses of both the 2205 wrought DSS plate and the 2209 DED-
LB/w DSS cylinder are presented. Following this, a comprehensive exploration of the 2209 DED-
LB/w DSS is provided through APT and TEM analyses with more details. 

3.1. Hardness analysis 

The Vickers microhardness results for the ferrite phase in the 2205-wrought DSS plate and 2209 
DED-LB/w DSS cylinder are presented in Fig. 2. Precise hardness measurements were performed 
by positioning indentations completely in the ferrite phase to prevent any influence from the 
austenite. Furthermore, the smallest indentations were used, thus minimizing the potential 
influence of austenite that might be present in the underlying layers.  

Before aging, the hardness of 2205-wrought DSS was 317 HV while the hardness of 2209- DED-
LB/w DSS was 349 HV. Upon aging at 400 ºC, consistently across all aging dwell times, the 
hardness of the DED-LB/w sample surpasses that of the wrought counterpart. Comparing the 
aging of the two samples after 10 hour dwell time, it can also be seen that the DED-LB/w sample 
has faster kinetics of age hardening at early stages of aging. Following 1000 hours of aging, the 
ferrite hardness in the 2205-wrought DSS measures at 480 HV, while the 2209- DED-LB/w DSS 
exhibits a value of 564 HV.  
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Fig. 2. Vickers hardness of the ferrite phase in 2209 DED-LB/w 
DSS cylinder and 2205 wrought DSS plate after aging at 400 ºC. 

 

3.2. Atom Probe Tomography  

The iso-concentration surfaces depicting the Fe-rich, Cr-rich, and Ni-Mn-Si-rich regions within the 
ferrite of DED-LB/w samples after aging at 400 ºC for 10, 50, and 1000 hours, as observed in the 
APT analysis, are presented in Fig. 3. Atom maps of Ni, Mn, and Si in 5 nm thick slices of the APT 
reconstructions are shown in Fig. 4. These findings illustrate that the decomposition of ferrite into 
Fe-rich (α) and Cr-rich (αʹ) phases initiates after just 10 hours of aging at 400 ºC. However, as Fig. 
3-b demonstrates, there is no noticeable clustering of Ni, Mn, and Si atoms after 10 hours of aging.   

With aging continuing to 50 hours, both the Fe-rich and Cr-rich phases grow larger. Moreover, 
there are several Ni-Mn-Si-rich clusters of varying sizes apparent at the interfaces of the Fe-rich 
and Cr-rich phases. It is also notable in Fig. 4, that the Ni, Mn, and Si atoms accumulate in the 
same regions. It is important to note that Fig. 3 represents 3D maps, while a very thin slice (5 nm) 
was selected to display the atom maps in Fig. 4. Therefore, Fig. 4 can be considered as 2D 
representations. 

Following 1000 hours of aging, not only does the number of Ni-Mn-Si-rich particles significantly 
increase, but they also tend to exhibit a more uniform size. A 5 nm-thick cross-sectional view of 
these atom maps, depicted in Fig. 4-c, reveals the concentration of Ni, Mn, and Si atoms in identical 
positions. This cross-section also provides insights into how the extended aging time leads to the 
formation and growth of these clusters (or very small precipitates). 
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Fig. 3. Iso-concentration surfaces illustrating Fe-rich regions (> 63 at. %) in purple, Cr-rich regions (> 31 at. %) in 
blue, and Ni-Mn-Si-rich regions (> 20 at. %) in green and the depiction of only Ni-Mn-Si 20% iso-concentration 

surfaces after (a, b) 10 hours, (c, d) 50 hours, and (e, f) 1000 hours of aging. 
 

 
Fig. 4. The distribution of all Ni, Mn, and Si atoms within a 5 nm-thick slice following (a) 10 hours, (b) 50 hours, 

and (c) 1000 hours of aging. 
 

The normalized Cr-Cr RDF curves, as shown in Fig. 5, provide a clear representation of how the 
phase decomposition becomes more pronounced with increasing aging time. As explained earlier, 
the wavelength and amplitude of the spinodal decomposition were determined from these Cr-Cr 
RDF curves and are presented in Table 2. 
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Fig. 5. The Cr-Cr RDF of 2209-DED-LB/w samples 

after 10, 50, and 1000 hours aging at 400 ºC. The arrow 
marks the wavelength of the sample aged for 1000 h. 

 

Table 2. The wavelength and amplitude of ferrite decomposition into Fe-rich and Cr-rich phases after 10, 
50, and 1000 hours aging at 400 ºC. 

 Aging condition Wavelength (nm) Amplitude (at. %) 

DED-LB/w -2209 
10 h 4.9 9 
50 h 5.5 13.7 

1000 h 8.4 14.6 
 

Figure 6 presents the concentration profile of the Cr-rich regions after aging for 1000 h. The graphs 
are so called proximity histograms (proxigrams), which are concentration profiles relative to iso-
concentration surfaces (isosurfaces). It is important to note that, in this representation, positive 
distances correspond to inside the Cr-rich regions, while negative distances correspond to the 
outside of these regions. Within the Cr-rich regions, a notable enrichment of Cr atoms is observed, 
while there is a concurrent migration of Fe atoms away from the Cr-rich (αʹ) phase. Furthermore, 
it becomes evident that other alloying elements such as Ni, Mn, and Si started to leave the αʹ phase. 
Consequently, there is an enrichment of Ni, Mn, and Si atoms outside the αʹ phase. 
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Fig. 6. Chemical composition of the Cr-rich regions 

after aging for 1000 h. This figure illustrates the 
diffusion of Fe from the Cr-rich region, and notably, 
the migration of other alloying elements such as Ni, 

Mn, and Si out of the Cr-rich region. 

In Fig. 3, the results at the 50-hour aging reveal spinodal decomposition of ferrite into Fe-rich and 
Cr-rich phases, accompanied by the emergence of clusters enriched with Ni, Mn, and Si. Fig. 7 
provides a depiction of the chemical composition across the interface and the cluster sizes after 
both 50 hours and 1000 hours of ageing. After 50 hours aging at 400 ºC, the Ni content within the 
clusters exhibits a gradient, with higher concentrations toward the center, surpassing that of Fe and 
Cr. A similar trend is observed for Mn and Si, although their concentrations are lower compared 
to Ni. Moreover, Ni, Mn, and Si atoms accumulate within the cluster, while Fe and Cr atoms depart 
from it. It is worth noting that the clusters still consist of approximately 50% matrix elements i.e., 
Fe and Cr. After 1000 hours of aging, the clusters grow, reaching a radius of about 3.7 nm. At the 
center of these clusters, the Ni content increases to around 40%. Furthermore, there are substantial 
increases in Mn and Si atomic percentages, particularly in the case of Mn. Matrix elements like Fe 
and Cr also are still observed within the clusters.  

 
Fig. 7. Proxigrams of Ni-Mn-Si-rich clusters after a) 50 h, and b) 1000 h aging at 400 ºC. 
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As previously mentioned, the Ni, Mn, and Si content did not reach the 20% threshold necessary 
for display in Fig. 3-b after 10 hours of aging. However, the normalized Ni-RDF curves presented 
in Fig. 8 clearly demonstrate that the accumulation of Ni atoms starts at the early stages of aging, 
as evident after just 10 hours. 

 

 

The size distribution of the Ni-Mn-Si-rich clusters after 1000 hours of aging at 400 ºC, using iso-
surfaces, is presented in Fig. 9. It is assumed that the smallest volume of the cluster is 1 nm³, which 
corresponds to a minimum radius of about 0.6 nm. It is evident that the majority of clusters have 
radii in the range of approximately 2-3 nm. 

 
Fig. 9. Cumulative size distribution of Ni-Mn-Si-

rich clusters after aging for 1000 hours. 
 

 

 

 
Fig. 8. The Ni RDF of 2209- DED-LB/w samples 

after 10, 50, and 1000 hours aging at 400ºC. 
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3.3. Transmission Electron Microscopy 

The elemental distribution maps of Fe, Cr, Ni, Mn, Mo, and Si in the ferrite of the DED-LB/w 
sample after 1000 hours aging at 400 ºC are shown in Fig. 10. It can be seen that distribution of 
alloying elements in the ferrite is not homogeneous. A more detailed inspection reveals a distinct 
Cr-rich region, denoted by the orange arrow, coinciding with a diminished Fe content. Moreover, 
this region does not exhibit a significant accumulation of other alloying elements, including Ni, 
Mn, and Si. On the other hand, the yellow arrow highlights an area characterized by the 
accumulation of Ni, Mn, and Si atoms, concomitant with a depletion of Fe and Cr atoms. 
Therefore, the orange arrow denotes the decomposition of ferrite into Fe-rich and Cr-rich regions, 
while the yellow arrow indicates the accumulation of Ni, Mn, and Si at the interface of Fe-rich and 
Cr-rich areas.  

 
Fig. 10. TEM-EDS elemental distribution maps of Fe, Cr, Ni, Mn, Mo, and Si in the ferrite of the DED-LB/w 

sample after 1000 hours aging at 400 ºC. 

TEM diffraction patterns of the DED-LB/w sample after 1000 hours of aging at 400 ºC are 
presented in Fig. 11. It should be noted that the crystal structure of the matrix is body-centered 
cubic (bcc), while the G-phase crystal structure is cF116, a face-centered cubic (fcc) lattice with a 
lattice parameter exactly four times that of the bcc ferritic matrix. G-phase particles precipitate 
within the ferritic matrix with a cube-on-cube orientation, as previously reported [14]. Therefore, 
when observing the matrix along the [011] zone axis, the crystal orientation of the G-phase should 
also appear as [011], and the (600), (400), (200), and (220) G-phase diffraction spots should appear 
at intermediate positions [7]. However, as depicted in Fig. 11, only diffraction patterns 
corresponding to the bcc ferritic matrix are observed. There are also some faint circles around the 



10 
 

 

As previously mentioned, the Ni, Mn, and Si content did not reach the 20% threshold necessary 
for display in Fig. 3-b after 10 hours of aging. However, the normalized Ni-RDF curves presented 
in Fig. 8 clearly demonstrate that the accumulation of Ni atoms starts at the early stages of aging, 
as evident after just 10 hours. 

 

 

The size distribution of the Ni-Mn-Si-rich clusters after 1000 hours of aging at 400 ºC, using iso-
surfaces, is presented in Fig. 9. It is assumed that the smallest volume of the cluster is 1 nm³, which 
corresponds to a minimum radius of about 0.6 nm. It is evident that the majority of clusters have 
radii in the range of approximately 2-3 nm. 

 
Fig. 9. Cumulative size distribution of Ni-Mn-Si-

rich clusters after aging for 1000 hours. 
 

 

 

 
Fig. 8. The Ni RDF of 2209- DED-LB/w samples 

after 10, 50, and 1000 hours aging at 400ºC. 

11 
 

 

3.3. Transmission Electron Microscopy 

The elemental distribution maps of Fe, Cr, Ni, Mn, Mo, and Si in the ferrite of the DED-LB/w 
sample after 1000 hours aging at 400 ºC are shown in Fig. 10. It can be seen that distribution of 
alloying elements in the ferrite is not homogeneous. A more detailed inspection reveals a distinct 
Cr-rich region, denoted by the orange arrow, coinciding with a diminished Fe content. Moreover, 
this region does not exhibit a significant accumulation of other alloying elements, including Ni, 
Mn, and Si. On the other hand, the yellow arrow highlights an area characterized by the 
accumulation of Ni, Mn, and Si atoms, concomitant with a depletion of Fe and Cr atoms. 
Therefore, the orange arrow denotes the decomposition of ferrite into Fe-rich and Cr-rich regions, 
while the yellow arrow indicates the accumulation of Ni, Mn, and Si at the interface of Fe-rich and 
Cr-rich areas.  

 
Fig. 10. TEM-EDS elemental distribution maps of Fe, Cr, Ni, Mn, Mo, and Si in the ferrite of the DED-LB/w 

sample after 1000 hours aging at 400 ºC. 

TEM diffraction patterns of the DED-LB/w sample after 1000 hours of aging at 400 ºC are 
presented in Fig. 11. It should be noted that the crystal structure of the matrix is body-centered 
cubic (bcc), while the G-phase crystal structure is cF116, a face-centered cubic (fcc) lattice with a 
lattice parameter exactly four times that of the bcc ferritic matrix. G-phase particles precipitate 
within the ferritic matrix with a cube-on-cube orientation, as previously reported [14]. Therefore, 
when observing the matrix along the [011] zone axis, the crystal orientation of the G-phase should 
also appear as [011], and the (600), (400), (200), and (220) G-phase diffraction spots should appear 
at intermediate positions [7]. However, as depicted in Fig. 11, only diffraction patterns 
corresponding to the bcc ferritic matrix are observed. There are also some faint circles around the 



12 
 

(000) spot; these are diffuse scattering of unclear origin (surface oxides or contamination) and do 
not indicate the presence of any discernible phases. 

 
Fig. 11. Diffraction patterns of the ferrite in the DED-LB/w sample after 1000 hours aging at 400 ºC 

along the [011] zone axis. 

4. Discussion 
4.1. Age hardening of duplex stainless steels 

Before aging, the ferrite phase in the 2209-DED-LB/w sample exhibited higher hardness 
compared to the ferrite in 2205-wrought DSS plate. This elevated hardness in the DED-LB/w 
sample can be attributed to three main reasons. Firstly, in the DED-LB/w-DSS component in 
which the austenite content is less than 2%, the ferrite phase is enriched with nitrogen. As 
established by prior research [9], this nitrogen-enriched ferrite is full of chromium nitrides, which 
inherently exhibit notably higher hardness, consequently contributing to an overall increase in the 
hardness of the ferrite phase. Secondly, the higher hardness can also be due to residual stresses 
from the AM (DED-LB/w) process. Finally, ferrite in the DED-LB/w component has higher Ni 
content compared to wrought 2205 which is effective in increasing the ferrite hardness. 

Comparing the age hardening of ferrite between the 2205-wrought DSS plate and 2209-DED-
LB/w sample after 10 hours, it becomes evident that a higher Ni content accelerates the 
embrittlement at early stages in the DED-LB/w samples. This acceleration is particularly noticeable 
since at this point, there are not many Ni-Mn-Si-rich clusters present. The primary reason for this 
acceleration, therefore, is the higher degree of ferrite decomposition during the early stages of the 
age-hardening process. Zhou et al. [5] who also noted a more pronounced ferrite decomposition 
attributed to the higher Ni concentration. 

Following the age hardening at 400 ºC revealed that the hardness increase after 1000 hours was 
163 HV for the wrought material, whereas it was 215 HV for the AM material. This implies that 
beyond the inherent higher hardness of the DED-LB/w sample for all aging times, the age 
hardening effect on the ferrite phase is more pronounced in the AM part. 

4.2. Comparison of APT and TEM analysis 

13 
 

In this study, the investigation of 475 ºC embrittlement in DSS was conducted using APT and 
TEM. Several differences were observed between these two characterization methods. 

Firstly, APT is better in analyzing the chemical composition of nanometric particles as it examines 
atoms individually. In contrast, TEM measures the chemical composition within an interaction 
volume, which may encompass more than just the particle itself, as often the TEM foil is thicker 
than the diameter of the particles. Consequently, TEM has the drawback of overestimating the 
presence of matrix alloying elements within the particles, as it also evaluates the surrounding bulk 
material. 

Secondly, TEM tends to depict shorter distances between two particles. This occurs because in a 
TEM-EDS map, the map originates from the TEM analysis of several layers, essentially 
constituting a projection of the 3D volume. In contrast, the map visually presents all the particles 
in a 2D format on the screen, disregarding the depth dimension. However, as shown in Fig. 12, in 
APT, it is possible to choose a very thin layer that closely approximates a genuine 2D elemental 
map. 

Finally, it is important to note that APT is a destructive technique, making it impossible to re-
analyze the same volume. Conversely, TEM allows for additional analysis to be performed in the 
same region. TEM also has a major advantage in that the crystal structure in principle can be 
determined by diffraction. 

 
Fig. 12. a) 5 nm-thick slices of the APT analysis, and b) TEM-EDS maps of Ni and Mn in ferrite of DED-LB/w 
DSS after 1000 h aging at 400ºC. The apparent size of the particles is very similar for the two techniques. As the 

number density is similar the thickness of the TEM foil is only around 5 nm in the investigated area. 
 

4.3. Formation of Ni-Mn-Si-rich clusters 

When DSS is exposed to 400 ºC, the ferrite phase begins to decompose into two distinct phases: 
the Fe-rich phase (α) and the Cr-rich phase (αʹ). This decomposition occurs due to the presence of 
a miscibility gap in the Fe-Cr phase diagram. This decomposition leads to the diffusion of Fe into 
the α phase and Cr into the αʹ phase as shown in Fig. 13. In commercial DSSs, which include 
various alloying elements like Ni, Mn, Mo, and Si, alongside the diffusion of Fe and Cr, there is 
also the diffusion of these additional elements. Specifically, the α phase tends to expel Si atoms, 
while the αʹ phase tends to expel Ni atoms. This is in agreement with the findings of this study, as 
illustrated in Fig. 6, where an enrichment of Ni, Mn, and Si atoms is observed outside of the Cr-
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rich (αʹ) phase. Therefore, at the interface of the α and αʹ phases, there is accumulation of Ni, Mn, 
and Si atoms. Several studies have documented the concurrent formation of intermetallic 
compounds, such as G-, R-, and χ-phases, alongside the spinodal decomposition of ferrite in DSS 
[7].  

Many studies have explored the formation of G-phase in DSS. While the stoichiometric 
composition of G-phase is Ni16Si7Ti6, it has been reported in literature that constituent metallic 
elements i.e. Ni and Ti can be replaced by other elements like Mn, Cr, Fe, Mo, V, and Nb [15,16]. 
Therefore, there are G-phase forming elements at the interface of the α and αʹ phases. Takeuchi et 
al. [17] observed G-phase formation with a chemical composition of Ni16Mn6Si7 resulting from 
neutron irradiation. Moreover, in another study, they identified G-phase with similar chemical 
composition during submerged arc welding of DSS [18]. According to the APT results in Fig. 7, 
the chemical composition of the particles does not reach to Ni16Mn6Si7 even after 1000 hour aging 
since they still have less than 5 atomic percent Fe and Cr. However, in a comprehensive study 
regarding G-phase formation, Matsukawa et al. [7] introduced a two-step nucleation process. The 
first step involves the accumulation of Ni, Mn, and Si atoms, followed by the growth of these 
clusters. Growth and enrichment of these clusters occur simultaneously until they reach a critical 
size for structural changes. In the second step, while the cluster size remains nearly constant, matrix 
elements, namely Fe and Cr, begin to exit the clusters, being replaced by Ni, Mn, and Si atoms. 
When the cluster composition approaches the critical composition of Ni16Si3.5(Fe,Cr)3.5Mn6, the 
transformation from bcc ferrite to fcc G-phase takes place. The transformation requires an 
incubation period, which is influenced by factors like composition, grain size, and residual stresses 
within the parent ferrite grains.  

 
Fig. 13. A schematic representation of how ferrite decomposition into 
Fe-rich (α) and Cr-rich (αʹ) phases can result in the enrichment of Ni, 

Mn, and Si in the intermediate area between these two phases 

In this study, even though there was the enrichment of Ni, Mn, and Si atoms in the clusters after 
1000 hours, the TEM diffraction patterns did not show any clear evidence of G-phase formation. 
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There are two potential explanations for this observation; the G-phase formation had not occurred, 
or G-phase was not detected. Here, both possibilities are discussed.  

Firstly, according to Matsukawa et al. [7], G-phase formation involves two distinct steps. While the 
chemical composition of the center of the clusters may have reached the critical composition of 
Ni16Si3.5(Fe,Cr)3.5Mn6, it is plausible that the incubation time was insufficient for G-phase formation 
to take place. Matsukawa et al. [7] also claimed that while the precipitation of Ni-Mn-Si-rich clusters 
initiates after 500 hours of aging, the change in crystal structure becomes evident only after an 
extended aging period of 10,000 hours. They also argued that the formation of G-phase necessitates 
the creation of an adequate number of vacancies. Consequently, a substantial quantity of vacancies 
must be generated and diffuse to the Ni-Mn-Si-rich clusters to facilitate the formation of G-phase. 
Furthermore, Mateo et al. [14] have indicated that the formation of G-phase is influenced by the 
concentration of Si. This observation aligns with the current study, where the Si concentration 
within the Ni-Mn-Si-rich regions was lower than what is typically associated with G-phase 
formation. 

Another possibility is that G-phase indeed formed but was not detected. There are several reasons 
for not detecting G-phase. Firstly, based on the APT results, the radius of the largest Ni-Mn-Si 
clusters is only about 3.7 nm after 1000 hours of aging. Moreover, as depicted in Fig. 9, the majority 
of these clusters (more than 80%) has a radius of less than 3 nm, possibly rendering them too small 
to be identified by TEM. Hamaoka et al. [19] similarly reported that very small precipitates, which 
were not observable via TEM, could be detected by APT. They noted that although at longer aging 
times, such as 5000 hours, all clusters of Ni-Mn-Si-rich material could be observed by TEM, at 
shorter aging times like 2000 hours, it became challenging to perform TEM observations of these 
extremely small clusters. Chen et al. [20] reported the formation of G-phase within the ferrite phase 
after 1000 hours of aging at 475°C, as evidenced by TEM imaging. However, the detection of 
diffraction patterns proved challenging due to the limited volume of G-phase within the ferrite 
matrix and there were only ferrite spots in the diffraction pattern. Secondly, if matrix elements such 
as Fe and Cr occupy the positions of Si and Mn atoms in G-phase, it could lead to weakening or 
disappearance of G-phase diffraction patterns [20]. In this study, even after 1000 hours of aging, 
as depicted in Fig. 7-b, a considerable amount of Fe and Cr atoms are still observed within the Ni-
Mn-Si-rich clusters. Consequently, these matrix elements might contribute to the obscuration of 
G-phase diffraction patterns. 

4.4. 475 ℃-embrittlement 

In the binary Fe-Cr system, the age hardening of ferrite is primarily attributed to the decomposition 
of ferrite into Fe-rich (α) and Cr-rich (αʹ) phases. However, in the presence of additional alloying 
elements such as Ni, Mn, Mo, and Si, the formation of intermetallic phases like G-, R-, and χ-
phases becomes an important contributor to the age hardening. Consequently, comprehending the 
interplay between these two phenomena is crucial for mitigating the occurrence of 475 °C 
embrittlement in DSS. 

In spinodal decomposition, the mismatch between the lattice parameters of α and αʹ phases is the 
main factor contributing to the embrittlement of the ferrite. While in the presence of Ni-Mn-Si- 
rich clusters or G-phase particles, precipitation hardening is the main mechanism for 
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embrittlement. Several studies have underscored the role of spinodal decomposition and G-phase 
formation in the age-hardening of DSS.  

While in many studies, spinodal decomposition is considered as the main contributor to age 
hardening, Badyka et al. [21] and Sakata et al. [3] claimed that G-phase or Ni-Mn-Si-rich clusters 
can have a more pronounced role in age hardening. 

To comprehend the extent of embrittlement resulting from spinodal decomposition, the Ardell 
model [22] offers a valuable framework. However, this model is applicable when spinodal 
decomposition is the sole embrittlement mechanism at play. In contrast, when embrittlement is 
driven by particles, two models come into consideration: the Orowan model [23] and a modified 
version of the Bacon, Kocks, and Scattergood (BKS) model [24]. These models are based on the 
interaction of dislocations with particles, and the presence of spinodal decomposition can affect 
dislocation movement towards these particles, making these two models inapplicable in this study. 

Discussing the phenomenon of spinodal decomposition, a noteworthy trend can be observed in 
Table 2. During the initial phases of aging, the amplitude of spinodal decomposition experiences a 
rapid increase. However, with the progression of aging, it eventually stabilizes into a semi-
equilibrium state. Simultaneously, the wavelength of spinodal decomposition begins to increase. 
This behavior can be attributed to the finite quantity of Cr atoms within the system. 

Table 3 presents a comparative analysis of the wavelength and amplitude of spinodal 
decomposition in 2209 additively manufactured DSS compared to conventional 2209 weld metal 
and 2205 wrought materials. The results indicate that both the amplitude and wavelength of 
spinodal decomposition are notably higher in DED-LB/w-DSS compared to the weld and base 
metal. This increase can be attributed to the elevated Ni content in the ferrite, a consequence of 
the rapid cooling rates inherent to AM processes, particularly the DED-LB/w process. This higher 
Ni content serves to accelerate the spinodal decomposition, resulting in increased amplitude and 
wavelength. 

Table 3. The wavelength and amplitude of ferrite decomposition into Fe-rich and Cr-rich phases in DED-
LB/w-DSS compared to weld and base metals. 

Material Aging condition Wavelength (nm) Amplitude (at. %) 
DED-LB/w -2209 400 ℃, 1000 h 8.4 14.6 
WM 2209 [3] 400 ℃, 1000 h 4.9 6.9 
BM 2205 [3] 400 ℃, 1000 h 3.4 4.7 
WM 2209 [6] 427 ℃, 1000 h - ~ 26 
BM 2205 [6] 427 ℃, 1000 h - ~ 18 

Furthermore, it is important to acknowledge that the characterization techniques employed 
significantly influence the calculated amplitude and wavelength of spinodal decomposition. As 
discussed earlier, the inherent differences between TEM and APT analyses can introduce variability 
in these measurements, underscoring the importance of selecting the most appropriate technique 
for a given situation. 

5. Conclusion 
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This study highlights the complex dynamics of age hardening and embrittlement in DSS with focus 
on an additively manufactured cylinder by DED-LB/w with higher Ni content. The APT and TEM 
analysis revealed the nanometric scale phenomena in the ferrite after aging at 400 °C up to 1000 
hours. The following conclusions can be drawn: 

 

1. The 2209-DED-LB/w DSS cylinder sample exhibited initial higher hardness levels in its 
ferrite phase compared to 2205-wrought DSS plate.  

2. The age hardening was more pronounced in the DED-LB/w component due to the higher 
Ni content. 

3. Alongside the spinodal decomposition of ferrite into Fe-rich (α) and Cr-rich (αʹ) phases, 
Ni-Mn-Si-rich clusters form at the interface of the α and αʹ phases.  

4. While the Ni-Mn-Si-rich clusters could imply the nucleation of G-phase, the crystal 
structure of the G-phase was not detected, possibly due to the relatively short aging time 
or the limited capability of the characterization techniques. 

5. The choice of characterization techniques, such as APT and TEM, significantly impacts the 
measurement results of spinodal decomposition. APT, while destructive, is adept at 
providing precise composition information for small clusters. 
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Directed Energy Deposition Additive  
Manufacturing and Welding of Duplex  
Stainless Steel using Laser Beam

Duplex stainless steels (DSS), with a ferritic-austenitic microstructure, are used in a wide 
range of applications thanks to their high corrosion resistance and mechanical properties. 
However, efficient and successful production and joining of DSS require precise control of 
processes and an in-depth understanding of relations between composition, processing 
thermal cycles, resulting microstructures and properties. In this study, laser welding, re-
heating, and additive manufacturing by directed energy deposition using a laser beam and 
wire feedstock (DED-LB/w) of DSS and resulting weld and component microstructures 
and properties are explored.
It was found that applying nitrogen as a shielding gas in laser welding of DSS followed by 
subsequent laser reheating can notably promote austenite formation and suppress nitride 
precipitation. Then, for phase analysis of DSS with metastable austenite, a novel electron 
backscatter diffraction (EBSD) methodology was developed. The approach was shown 
to identify and measure the fractions of ferrite, austenite, and martensite successfully 
and reliably.
In the second part, a systematic four-stage methodology was developed and applied to 
the DED-LB/w of a DSS cylinder. Implementation of this systematic methodology with a 
stepwise increase in the deposited volume and geometrical complexity was a successful 
approach in developing additive manufacturing procedures for the production of signifi-
cantly sized metallic components. The results demonstrated the promising mechanical 
properties and corrosion resistance of additively manufactured DSS using DED-LB/w. 
Atom probe tomography (APT) analysis also revealed that alongside the decomposition 
of ferrite into Fe-rich (α) and Cr-rich (αʹ) phases, clustering of Ni, Mn, and Si atoms are 
contributing to the 475°C-embrittlement of DSS manufactured by DED-LB/w.
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