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ABSTRACT

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 Nj, 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)
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components with reduced material 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 = % Cr + 3.3% Mo + 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
[9—14].

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 balance when 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 [21—24]. 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 [25—34].

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-
zation measurements 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 LMDw of 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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Table 1 — 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.

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-um 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 HCI, 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
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each phase. Phase fraction analysis was done using image
analysis in Image] software [39].

2.4.  Electrochemical pitting corrosion testing

Samples with a surface area of approximately 1 cm? 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 NacCl 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

Hot Wire

26 layers

Water
cooling
system

Fig. 1 — 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.
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Top view

Build direction

O
OS-AD

CBAD

Fig. 2 — Schematic of sample extraction from LMDw DSS for corrosion test: (1) Cylinder outer surface with primarily as-
deposited (non-reheated) microstructure (0S-AD); (2) cylinder bulk with reheated as-deposited microstructure (B-AD); and

(3) cylinder with post build heat-treated microstructure (HT).

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/cm? 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 Eq¢ stability, prior to the
start of the measurements. 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

lh;"-'

Deaerator i
& Thermocouple Y7 ] £
| !

> * Condenser

Reference
N Electrode
[ -

. Counter
! Electrode

‘ Gas Outlet

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 pA/cm? 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 pm 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

Reference
Electrode

Counter
Electrode

Heating Fluid
Inlet/Outlet

Fig. 3 — 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 MOBFES
database. The following initial conditions were
assumed/defined for this calculation:

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].

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. 3. Results
- Based on the equilibrium phase diagram calculated in
Thermo-Calc (Fig. 4-a), the calculation started from a 3.1. Microstructure characterization

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 um and austenite starts to form

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.

1000 °C 1400 °C
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:
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Fig. 4 — 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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Table 2 — Chemical composition of the LMDw DSS
cylinder [25].

© 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

The AD microstructure of DSS additively manufactured 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 spacingis 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 Widmanstatten 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, Widmanstatten,
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 the map 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.

b

Fig. 5 — 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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Fig. 6 — 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.

3.3.  Thermodynamic and kinetic calculations

The results from diffusion calculations are presented in Fig. 9
and Table 4. Itis 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 1-2 pm, 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 (PREN = % Cr + 3.3% Mo + 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. 7 — 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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(a) As-deposited | [ 2 Heat-Treated | §§ 2P

Fig. 8 — 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.

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 LMDw DSS samples
(OS-AD, B-AD, and HT) recorded in 1.0 M NaCl solution at room
temperature. All samples exhibited a wide passive range and a
passive current density during the forward scan of less than
10~* A/cm?, indicating the formation of a passive film on the
sample surface. At anodic potentials higher than 1.1 Vag/agci,
the current density sharply increased for all samples due to a
combination of oxygen evolution and transpassive dissolution
resulting from the generation of Cr®* and Mo®" 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

Table 3 — 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.

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

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 polarization measurements 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 NacCl 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 pnA/cm? 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 behavior manifested as clustered pits (Fig. 11-
a). In contrast, no substantial pitting was observed on the B-AD
and HT sample surfaces, however, crevice corrosion occurred
near the edge of the mount. 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
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Fig. 9 — 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 — 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
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Fig. 10 — 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 (0S-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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grain interior, while the secondary austenite and grain
boundary austenite remained intact. Crevice corrosion near
the edge of the mountin the HT 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°® A/cm?* 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 (Ep;) 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 (E,p), 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 107° A/
cm? 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/agci)
while the B-AD and HT samples have significantly higher
average pitting potentials of 643 + 178 mVag/agc1 and 826 + 70
mMVagagc, respectively. The OS-AD and HT samples exhibit
the highest repassivation potential with an average of
—130 £40 MV pg/agc1 and —134 + 75 mVag/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 (10°-10° °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 Widmanstiatten 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 duringinitial 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.

Fig. 11 — 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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Fig. 12 — Cyclic potentiodynamic polarization (CPP) curves for a) the as-deposited outer surface (0S-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.

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
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/agal, 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
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shown that while Cr-depleted regions were present around
the Cr,N using atom probe tomography, the level of Cr stayed
above the critical level for corrosion resistancei.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
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 ferrite matrix susceptible to pitinitiation. The B-
AD and HT samples achieved critical temperatures of
73 +0.6°Cand 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 and Mo. 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 and may 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
the mount 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 CI~ 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 pitinitiation. 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 0S-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.
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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:

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, and Ni 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 observed microstructural 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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