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ORIGINAL RESEARCH ARTICLE

Achieving a balanced duplex microstructure
and corrosion resistance in UNS 532707 hyper-
duplex stainless steel fabricated using GMAW-
based wire arc additive manufacturing

Muppala Prardhan Yogya and Arivazhagan Natarajan*

School of Mechanical Engineering, Vellore Institute of Technology, Vellore, Tamil Nadu, India

Abstract

UNS S32707 Hyper-duplex stainless steels (HDSS) offer an attractive combination
of high strength and corrosion resistance for demanding marine and offshore
applications. A UNS $32707 HDSS wall was fabricated using gas metal arc welding
(GMAW) combined with wire arc additive manufacturing (WAAM) for the subsea
umbilical in marine engineering applications. The aim is to achieve a 50:50 ratio of
austenite and ferrite phases and to suppress the formation of secondary phases; the
balanced phase ratio provides a combination of mechanical properties and corrosion
resistance. Microstructure evolution, mechanical behavior, and corrosion resistance
of as-deposited UNS S32707 HDSS were comprehensively investigated. The electron
backscatter diffraction analysis depicted a balanced duplex structure consisting of
52.1% ferrite, 47.4% austenite, and 0.5% sigma (o) phase at the grain boundaries. The
microstructure exhibited ferrite, intragranular austenite, Widmanstatten austenite,
and grain-boundary austenite. Secondary phases, such as Cr N, secondary austenite
(v,), and the chi (x) phase, were not observed due to lower heat input and suitable
inter-pass temperature. The tensile tests in three orientations (0°, 45°, 90°) relative to
the build direction showed ultimate tensile strengths ranging from 927 MPa to 943
MPa, with elongations of 44% and an average hardness of 334 HV .. Fractographic
analysis revealed ductile failure, exhibiting finer and more uniform dimples. The
corrosion studies conducted using a potentiodynamic polarization test in a 3.5 wt.%
NaCl solution showed good corrosion resistance, with a low corrosion rate of 0.07877
mm/year. These findings establish controlled GMAW-based WAAM as a promising
route for producing phase-balanced UNS S32707 HDSS for demanding marine
applications.

Keywords: Hyper-duplex stainless steel (HDSS); Wire arc additive manufacturing; Gas
metal arc welding; Electron backscatter diffraction analysis; Electrochemical corrosion
behavior

1. Introduction

The global market for duplex stainless steels (DSS) is valued at USD 5.83 billion in 2026
and is projected to grow at a compound annual growth rate of 6.31% by 2034.! Wire arc
additive manufacturing (WAAM) is a directed energy deposition (DED) process, and
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it is a type of welding that uses a filler wire as feedstock
material and uses an electric arc to melt it, depositing layer
by layer on the base plate using a pre-programmed multi-
axis robotic arm that follows a pre-defined deposition tool
path. WAAM offers the highest deposition rates among all
other metal additive manufacturing techniques,” making it
a cost-effective and viable method for fabricating medium-
to large-scale metallic components with minimal material
wastage.” WAAM can be performed using various arc
welding techniques, such as gas tungsten arc welding,*
plasma arc welding, gas metal arc welding (GMAW), and
cold metal transfer’ Among all the variants, GMAW-
based WAAM is a particularly suitable candidate for steel
component fabrication, as it offers a high deposition rate
(3-4 kg/h),® with improved tensile strength, toughness,
and fatigue resistance.”®

Hyper-duplex stainless steel (HDSS) is a superior
category of DSS and contains a highly alloyed composition
of Cr, Mo, C, Mn, Ni, Si, N, and Cu. The unique
elemental composition of the alloy results in a dual-phase
microstructure with approximately a 50:50 ratio of austenite
and ferrite. The austenite phase provides toughness, and
the ferrite phase contributes high strength. The pitting
resistance equivalent number (PREN) is greater than 48,
offering superior mechanical strength, wear resistance, and
corrosion resistance in acidic chloride environments. The
yield strength of HDSS is 20% greater than that of super
duplex stainless steel (SDSS).”!! The combination of these
properties makes HDSS particularly suitable for subsea
umbilical systems in marine petrochemical applications
that connect control stations to seabed wellheads,
transmitting critical control signals and chemical
supplies for subsea oil and gas operations.'>* Due to its
high alloying-element content, secondary phases such as
secondary austenite (y,), chi (x), sigma (o), and chromium
nitride (Cr,N) readily form at elevated temperatures.
These phases affect the hardness and brittleness of the
material, reducing its mechanical properties and corrosion
resistance." Therefore, the service temperature of the
material is generally limited to below 90 °C. Furthermore,
HDSS has been produced via casting,'® powder injection
molding (PIM),” and selective laser melting (SLM);'*
each of these methods has limitations: casting and PIM
work on slow cooling rates, promoting secondary phase
precipitation and diminished austenite content, while SLM
produces finer microstructures confined to small-scale
components with an imbalanced phase ratio of 59.5:40.5.'¢
To overcome these limitations, it is necessary to develop
a new manufacturing process. DED-based WAAM
offers the advantage of producing large-scale, near-net-
shape components with controllable thermal histories
through inter-pass temperature management, making it a

compelling candidate for HDSS fabrication."” Many studies
have investigated the effect of WAAM on different grades
of steel,'®? achieving enhanced mechanical properties and
microstructural evolution.

A critical challenge in WAAM of duplex-family steels
is controlling the formation of secondary phases, such as
Y, X> 0, and Cr,N.* In WAAM, the upper layers experience
progressively higher preheat temperatures from previously
deposited material due to compounded cyclic thermal
history (CCTH), resulting in complex microstructural
gradients along the build height.”** The literature shows
that temperatures within the critical range (600 °C-1,000
°C) promote the generation of secondary phases.”**’ At
the optimal annealing temperature of 1,100 °C, HDSS
promotes an equal percentage of ferrite and austenite.'**
In the present study, the objective is to achieve balanced
phase fractions and suppress secondary phases directly
through optimized WAAM process parameters, without
requiring post-deposition heat treatment, thereby reducing
manufacturing cost and lead time.

Wang et al.*' investigated the microstructural changes
of HDSS during solidification. Their results showed
that a higher ferrite volume ratio could be achieved by
increasing the cooling rate, a feature not possible with
conventional casting. By optimizing WAAM process
parameters and providing idle time between layers, where
cooling occurs through air, it is possible to produce HDSS
with improved mechanical properties and well-balanced
phase compositions, and to achieve a faster cooling rate
through air*® Numerous studies have been conducted
on DSS and SDSS through different WAAM routes and
have significantly achieved a balanced phase fraction of
austenite and ferrite. This influences the microstructural
and mechanical behavior.*>** However, to date, no study
has reported GMAW-based WAAM of UNS $32707
HDSS, representing a critical gap in the literature. This
necessitates studying the strength-ductility trade-off of
HDSS developed through the GMAW-based WAAM
process.

Industries are in demand for manufacturing critical
components with HDSS through WAAM. Additionally,
theseapplicationsrequireabalanced phase fraction of ferrite
and austenite and to be free from secondary phases. Hence,
this study investigates the effect of inter-pass temperature
on the microstructure and tensile strength of HDSS
produced using the GMAW-based WAAM technique. The
relationship between process structure and properties and
its effects on mechanical integrity was comprehensively
investigated using optical microscopy, scanning electron
microscopy  (SEM)-energy-dispersive  spectroscopy
(EDS), and electron backscatter diffraction (EBSD)-driven

Volume 5 Issue 3 (2026)

doi: 10.36922/MSAM026280066


https://doi.org/10.36922/MSAM026280066

Materials Science in Additive Manufacturing

UNS S32707 fabricated using WAAM

microstructure analysis. Corrosion behavior was evaluated
using potentiodynamic polarization and electrochemical
impedance spectroscopy (EIS) techniques.

2. Materials and methods

2.1. WAAM deposition and process parameter
selection

A wall structure was developed using the GMAW-based
WAAM process with UNS $32707 HDSS filler wire (1.2
mm diameter) deposited on an SS347 substrate. The
deposition was carried out using an OTC Daihen FD-B6
six-axis robotic arm (OTC DAIHEN, Japan) equipped
with an AF-4012 wire feeder, an FD-11 controller, and a
DM 350 MIG/MAG power source (Figure 1). The robotic
arm was pre-programmed to ensure consistent bead
placement and precise geometry. Process parameters were
optimized systematically using a bead-on-plate, trial-and-
error, iterative technique. In these preliminary trials, the
welding current, arc voltage, wire feed speed, and torch
travel speed were varied to study their effects on bead
shape, fusion quality, and inter-layer dilution. The dilution
percentage was measured geometrically by evaluating the
cross-sectional profiles of individual beads and calculating
the ratio of the melted substrate area to the total cross-
sectional area of each bead. An acceptable dilution level of
15%-20% was achieved, providing sufficient metallurgical
bonding between successive layers without significant
intermixing with the substrate material. The final optimized
settings were as follows: torch travel speed was 200 mm/
min, welding current was 120 A, and arc voltage was 11.11
V (Table 1). The shielding gas was supplied as industrial-
grade pure argon with a constant flow rate of 14 L/min to
prevent oxidation during deposition. The heat input (HI)
was determined using Equation 1:

0.8xV'xI
HI= m (k]/mm) (1)
where V is the voltage (V), I is the current (A), and W is
the arc running speed (mm/s), resulting in a heat input
of 0.2601 kJ/mm. Each layer was deposited in one pass
under ambient air-cooling conditions, and the inter-
pass temperature was maintained at 110 °C-150 °C with
a three-minute dwell time between successive layers for
proper solidification. A total of 52 layers were deposited,
giving a wall height of 118 mm and a thickness of 10 mm.
The schematic representation of the WAAM deposition
process is shown in Figure 2. Post-fabrication, the wall was
separated from the base plate using electrical-discharge-
machining wire-cutting (Figure 3a). The surface was then
machined using a computer numerical control grinding
machine (Pinnacle CNC 3X 8040, India) to achieve a

smooth finish (Figure 3b). To verify weld defects and
porosityin the deposited wall, non-destructive testing using
X-ray radiography (YXLON SMART EVO 300P, Denmark)
was performed in accordance with ASTM E1742/E1742M.
The examination confirmed that the fabricated HDSS wall
was free of defects, including porosity and cracking. The
material composition of the WAAM-fabricated HDSS
plate was determined using optical emission spectroscopy
(OES; Q4 TASMAN, Bruker, Germany), and the measured
elemental contents are reported in Table 2.

Table 1. Optimized process parameters of GMAW-based
WAAM

Deposition parameters Unit Value
Current (I) A 120
Voltage (V) A% 11.11
No. of depositing layers - 52 layers
Shielding gas - Pure argon supply
Shielding gas flow rate L/min 14
Inter-pass temperature °C 110-150
Wire speed mm/s 55
Arc running speed mm/s 4.1
dDeeIiZ);iT;:;veen layer-to-layer min 3
Heat input kJ/mm 0.2601
Average thickness of the mm 8.54+0.13

developed HDSS plate

Abbreviations: GMAW: Gas metal arc welding; HDSS: Hyper-duplex
stainless steel; WAAM: Wire arc additive manufacturing.

2.2. Microstructural characterization

For microstructure analysis, samples of 20 mm x 20 mm
were extracted from three locations—top, middle, and
bottom of the WAAM-fabricated HDSS wall (Figure 4)—
using electrical-discharge-machining wire cutting. The
samples were polished with silicon carbide papers (200-
2,000 grit), followed by polishing with an alumina-silica
slurry on velvet cloth for 10-15 min to achieve a mirror
finish. Etching was performed with a 40% NaOH solution
at 6 V direct current for 30 s, in accordance with ASTM
A890-4A. The microstructure was analyzed using an optical
microscope (Zeiss Axio inverted microscope, Germany)
and a scanning electron microscope (Thermo Fisher FEI
QUANTA 250 FEG, United States of America [USA])
coupled with EDS. EBSD analysis (JSM-IT800(SHL),
JEOL, Japan) was performed with a step size of 0.05
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Figure 1. Gas metal arc welding (GMAW)-based wire arc additive manufacturing (WAAM) setup for developing a plate using UNS S$32707 hyper-duplex
stainless steel filler wire

Figure 2. Schematic representation of the wire arc additive manufacturing deposition process
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Figure 3. Images of the GMAW-based WAAM-fabricated UNS $32707 HDSS wall. (a) In as-deposited state. (b) After computer numerical control grinding.
Abbreviations: GMAW: Gas metal arc welding; HDSS: Hyper-duplex stainless steel; WAAM: Wire arc additive manufacturing.

Table 2. Material composition of the UNS $32707 HDSS (wt.%)

HDSS Cr Ni Mo Mn Si P C S N PREN
Filler metal (%) 27.00 6.50 5.000 1.00 0.420 0.030 0.029 0.010 0.400 49.00
WAAM plate (%) 26.94 6.39 4.685 0.87 0.313 0.019 0.018 0.001 0.303 47.24

Abbreviations: HDSS: Hyper-duplex stainless steel; PREN: Pitting resistance equivalent number; WAAM: Wire arc additive manufacturing.

to examine grain orientation, phase distribution, and
secondary precipitates, with TSL OIM software (version
9, TexSEM Laboratories, Inc., USA) used to analyze pole
figures, kernel average misorientation (KAM), and inverse
pole figures. X-ray diffraction (XRD) analysis (Bruker D8
Advance, Panalytical X Pert DEL, Germany) was employed
to confirm the phases present. Ferrite content was measured
using a ferritescope (FMP30, Helmut Fischer GmbH,
Germany) at multiple points across the as-deposited wall
surface. To supplement the ferritescope measurements,
which have limited precision due to sensitivity to surface
conditions and probe positioning, the ferrite volume
fraction was also quantified from optical micrographs
using image analysis software (ImageJ, National Institutes
of Health, USA) following ASTM E1245 standards. Grain
size was determined from EBSD data using the equivalent
circle diameter method in accordance with ASTM E2627.
Using the chemical composition obtained from OES,
PREN was calculated as:

PREN = Cr + 3.3(Mo + 0.5W) + 16N (wt.%) (2)

2.3.Tensile behavior and hardness testing

To study the anisotropic behavior of the WA AM-fabricated
HDSS, micro-tensile specimens were extracted in three
orientations: 0° (horizontal), 45° (diagonal), and 90°
(perpendicular) relative to the build direction (Figure 4).
The micro-tensile specimens had a gauge length of 5 mm, a
gauge width of 1.25 mm, and a thickness of 0.8 mm. Three
specimens were tested in each orientation. The specimen
surfaces were polished with emery sheets to remove
surface defects. Micro-tensile tests were performed on an
Instron universal testing machine (UTM, 100 kN capacity;
Instron 8801, USA) at a crosshead speed of 1 mm/min,
corresponding to a strain rate of 2.78 x 10™* s™%. A clip-on
extensometer was used to measure the yield strength of the
samples. To validate the micro-tensile results and confirm
their representativeness of the bulk WAAM-fabricated
HDSS wall behavior, three full-sized tensile specimens were
tested in the horizontal direction (0°) as per ASTM E8/
E8M-16 standards. These bulk specimens had a standard
gauge length of 25 mm and were tested on the above-
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Figure 4. Computer-aided design representation of (a) samples cut from WAAM-fabricated HDSS for microstructural characterization and (b) micro-

tensile and bulk tensile testing

Abbreviations: HDSS: Hyper-duplex stainless steel; WAAM: Wire arc additive manufacturing.

mentioned UTM machine. Fractography was performed on
the fractured bulk tensile specimens (0° orientation) using
SEM to examine fracture surface features. Microhardness
was measured using a Vickers hardness tester (HM-200,
Mitutoyo, Japan) following ASTM E384-17, with a load
of 500 g (4.9 N) and a 10-s dwell time. Indentations were
made at regular vertical intervals along the centerline of
the wall cross-section.

2.4. Electrochemical corrosion testing

Electrochemical corrosion tests were conducted using
a 3.5 wt.% NaCl solution at room temperature with an
Ivium Vertex One (Ivium Technologies, the Netherlands)
potentiostat in a three-electrode configuration, the sample
as working electrode (1 cm® exposed area), a saturated
calomel electrode (SCE) as reference, and a platinum
electrode as counter electrode. Prior to testing, each
sample was polished from 400 to 2,000 grit, finished with
alumina-silica slurry, rinsed with distilled water, and
degreased with ethanol. Each specimen was first stabilized
at its open-circuit potential (OCP) for one hour (3,600 s)
at 1-s sampling intervals to ensure steady-state conditions
prior to polarization. Potentiodynamic polarization scans
with Tafel analysis were then performed at a scan rate of
50 mV/s with a potential step of 10 mV, sweeping from

0.247 V to —-0.752 V vs. SCE (i.e., from +500 mV to —500
mV relative to OCP). The corrosion potential (E_ )
was determined from zero current crossing, and the
corrosion current density (j_ ) was obtained through Tafel
extrapolation, using linear regions of anodic and cathodic
branches in the overpotential range from +30 to £120 mV.
The corrosion rate was determined using Faraday’s law,
with an equivalent weight of 25.8 g/equiv and a density of
7.86 g/cm’ for HDSS. EIS (Ivium, Vertex One, Netherlands)
was performed at OCP with a sinusoidal perturbation of 10
mV amplitude in the frequency range of 0.1 Hz-100 kHz
with six logarithmically spaced points in frequency. The
EIS data were analyzed using Iviumsoft software (Ivium
Technologies). Nyquist and Bode plots were plotted to
evaluate the capacitive response and passive film behavior.

3. Results and discussion
3.1. Microstructural analysis

The primary challenge in developing HDSS through
WAAM is achieving a balanced volume fraction of
austenite and ferrite while suppressing secondary phases.
During the WAAM process, the high-energy heat source
interacts with the wire feedstock, which generates complex
thermal cycles involving rapid melting, solidification,
and cooling, resulting in microstructural variations
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along the build direction.* Figure 5 presents the optical
micrographs of the WAAM-fabricated UNS $32707 HDSS
at different locations (bottom, middle, and top; Figure
3a) and magnifications. The microstructure revealed an
approximately equal fraction distribution of austenite and
ferrite, in accordance with ASTM A890 standards. The
austenite (y) appeared as discrete, island-shaped regions
outlined by bright contrast along the grain interfaces,
distributed within a continuous ferritic (o) matrix (Figure
5d). Within the ferrite, austenite is present in three
characteristic morphologies: grain-boundary austenite
(GBA) as elongated allotriomorphic structures decorating
grain boundaries (Figure 5f), Widmanstitten austenite
(WA) as side-plate structures nucleating from GBA and
growing into the ferrite matrix, and intragranular austenite
(IGA) as fine particles nucleating independently within the
ferrite grains (Figure 5d). The differences in microstructures
obtained at different wall heights are attributed to the
CCTH due to the remelting of neighboring layers during
the WAAM process, as reported by Kannan et al.** With
increasing wall height, the ferrite bands progressively
decreased in extent, accompanied by the formation of
more extensive austenite, consistent with the observations
of Nikam et al.** for cold metal transfer-based SDSS. This
is due to heat build-up during layer-by-layer deposition,
resulting in higher preheat temperatures at higher wall
heights and slower cooling rates, both of which are
favorable for austenite transformation. The ferrite content
measured using the ferritescope was 45%, 42%, and 38% in
the bottom, middle, and top sections, respectively. These
values were validated using optical micrographs in Image]
(ASTM E1245), which showed ferrite fractions of 46.2 +
2.1%, 43.5 + 1.8%, and 39.1 + 2.3% at the bottom, middle,
and top, respectively, in agreement with the ferritescope
data. The bottom layers exhibited finer ferrite and austenite
structures due to the faster cooling rate and lower thermal
gradient, with heat dissipated rapidly through the substrate
(Figure 5e and 5f). Both the heat input and the cooling rate
substantially influenced the phase transformation process.
The same phenomenon was observed in DSS: an increase
in the cooling rate delays the austenite transformation.*
Cooling rate is an important parameter for microstructure
development during solidification.”® In the present study,
the heat input was maintained at 0.2601 kJ/mm, and the
cooling rate was controlled with a 3-min inter-layer delay,
which balanced the phase fraction by moderating the
austenite formation. The PREN value of 47.24, obtained
from OES data using Equation 2, confirms that the
GMAW-based WAAM-fabricated HDSS wall meets the
corrosion resistance criteria of the National Association of
Corrosion Engineers (NACE) for oil and gas applications
(PREN > 40).

3.2. Scanning electron microscopy and elemental
analysis

In HDSS, the relative stability of the two phases is governed
by the partitioning of alloying elements between ferrite and
austenite. Cr, Si, and Mo are ferrite stabilizers and partition
preferentially into the §-ferrite matrix, while Ni and Mn
are austenite stabilizers and enrich the austenite phase. The
cooling rate during solidification influences the diffusion
of elements and, consequently, the final composition
balance and phase morphology. SEM analysis with EDS
area mapping was used to elucidate the microstructural
relationships in the WAAM-fabricated HDSS. From the
SEM image (Figure 6) and the corresponding EDS maps
(Figure 7), the main alloying elements (Cr, Ni, Mo, Co, Mn,
W, Si, Fe) were well distributed in 8-ferrite and y-austenite
regions. This confirms that the fast solidification and
increased cooling time during deposition in the WAAM
process provided suflicient time for diffusion, resulting in
chemical homogeneity.

3.3. Phase analysis

The XRD diffractogram of the UNS $32707 HDSS sample
(Figure 8) showed distinct Bragg peaks in the 28 range
of 20°-90°, indexed to austenite (y, face-centered cubic
[FCC]) and ferrite (a, body-centered cubic [BCC]) crystal
structures. The y-austenite reflections were accompanied
by sharp, high-intensity peaks corresponding to the ferritic
phase. No additional peaks corresponding to secondary
phases (e.g., 0, X, Cr,N) were detected in the diffractogram.
However, it should be noted that the absence of XRD
peaks does not necessarily indicate the complete absence
of secondary phases; rather, it indicates that any secondary
phases present are below the detection limit of XRD
(typically <2.5vol.%). The trace amount of o phase (~0.5%)
detected using EBSD (Section 3.4) is consistent with this
interpretation. The peak positions and relative intensities
agree with the preferential development along the close-
packed planes, specifically (110),and (111) 7

3.4. Electron backscatter diffraction analysis

Electron backscatter diffraction analysis was conducted
to quantify phase distribution (representing the local
measurement), crystallographic orientation, grain-
boundary character, and strain localization in the middle
region of the WAAM-fabricated HDSS (Figures 9-14).
Figure 9a presents the EBSD image quality map, i.e., the
microstructural feature for the HDSS. The phase map
in Figure 9b reveals a hyper-duplex microstructure
comprising 52.1% ferrite (BCC/green region), 47.4%
austenite (FCC/red region), and 0.5% o phase (yellow
region), confirming a well-balanced duplex structure.
Notably, it was found that phase fractions differed along
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Figure 5. Microstructure images of WAAM-fabricated UNS $32707 HDSS along the build direction at different locations and magnifications: (a, b) top, (c,

d) middle, (e, f) bottom. Scale bars: (left panels) 100 pum, (right panels) 50 um

Abbreviations: GBA: Grain-boundary austenite; HDSS: Hyper-duplex stainless steel; IGA: Intragranular austenite; WA: Widmanstatten austenite; WAAM:

Wire arc additive manufacturing.

the wall height, and fractions at other locations would
differ according to the ferrite fractions described in Section
3.1. The o phase occurred at grain boundaries and triple
junctions, indicating that high-energy sites are conducive
to nucleation. Other secondary phases, such as x phase,
Y, and Cr,N, were not detected. The WAAM thermal
cycle promotes phase evolution through the influence

of diffusion kinetics and thermodynamic driving forces
under non-equilibrium solidification. Ferrite solidifies
first due to its lower free energy at elevated temperatures,
followed by diffusion-controlled solid-state transformation
of austenite, which nucleates at ferrite grain boundaries
where solute segregation facilitates the transformation.®
The o phase forms due to the enrichment of Cr, Mo, and W
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Figure 6. Scanning electron microscopy image of WAAM-fabricated UNS $32707 HDSS showing austenite (y) and ferrite (a) phases. Scale bar: 30 pm
Abbreviations: HDSS: Hyper-duplex stainless steel; WAAM: Wire arc additive manufacturing.

at phase boundaries during the repeated thermal cycling
of successive layer depositions. This stable intermetallic
compound forms at temperatures between 600 °C and
1,000 °C.* The minimal occurrence of o-phase in this
study indicates that the maintained inter-pass temperature
(110 °C-150 °C) and moderate heat input (0.2601 kJ/
mm) effectively limited the time spent in the o-formation
temperature range. Similar thermal control strategies have
been reported by Chiniforoush et al.,* who suppressed
secondary phases in WAAM-fabricated DSS (ER 2209) by
maintaining an interlayer temperature of 150 + 10 °C. The
absence of x phase and Cr,N precipitates may be attributed
to the faster cooling experienced during the WAAM
deposition process. The x phase, being metastable, can
transform into the more stable o phase upon prolonged
thermal exposure, while Cr,N precipitates may dissolve or
be suppressed due to nitrogen redistribution and reheating
effects. These observations are consistent with the reported
phase transformation behavior of high-chromium duplex
and HDSS.*' The orientation-image microscopy maps
for the FCC, BCC, and o phases are presented in Figure
10, showing the spatial distribution and crystallographic
orientation of each phase.

The KAM distribution (Figure 9c) was analyzed to
evaluate local strain accumulation and deformation

heterogeneity.*> The blue region corresponds to areas of
low local misorientation (<1°), indicating a relatively low
density of geometrically necessary dislocations, whereas
red regions represent localized strain concentrations. The
predominance of blue regions in the KAM map with a very
small green region suggests that the WAAM-fabricated
HDSS possesses a stable microstructure with limited
residual strain localization.

The observed local misorientation is attributed to
the cyclic thermal history associated with the WAAM
process. Repeated heating and cooling cycles generate
thermal expansion mismatches between the FCC austenite
and BCC ferrite phases, while solidification shrinkage
contributes to dislocation accumulation. Furthermore,
the small amount of ¢ phase detected at grain boundaries
may promote localized stress concentrations due to its
crystallographic incompatibility with the surrounding
matrix. Nevertheless, the overall low KAM value ranged
from 0° to 4.97°, indicating that strain is distributed
relatively uniformly throughout the microstructure. This
observation is consistent with the fractographic analysis,
which revealed a predominantly ductile fracture mode
characterized by significant plastic deformation prior to
failure.
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Figure 7. Energy-dispersive spectroscopy (EDS) elemental distribution maps showing the alloying elements (Cr, Ni, Mo, Co, Mn, W, Si, Fe) across 3-ferrite
and y-austenite regions. (a) EDS layered image. (b) EDS spectrum. (c) Fe Kal. (d) Cr Kal. (e) Mo Lal. (f) Ni Kal. (g) Co Kal. (h) Mn Kal. (i) Si Kal. (j)

W Lal. Scale bar: 25 pm.

3.4.1. Crystallographic texture analysis

The inverse pole figures of the FCC and BCC phases are
presented in Figure 11. The FCC phase showed grains
oriented toward <001>II BD in the [001] plane, with an
intensity of 2.07 multiple uniform distribution (MUD),
representing weak texture; while the BCC phase showed
strong texture with 4.25 MUD. From the literature,>* it is

attributed to the low degree of lattice freedom during solid-
state transformation of the FCC phase from the BCC phase.
BCC forms as the primary solidification phase and grows
epitaxially along the direction of maximum heat extraction.
The strong preferred orientation observed in the BCC
phase is therefore associated with directional solidification
under steep thermal gradients. During subsequent cooling,
austenite (FCC) nucleates and grows within the ferrite
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Figure 8. X-ray diffraction pattern of the GMAW-based WAAM-fabricated HDSS sample showing indexed peaks corresponding to a-ferrite (BCC) and
y-austenite (FCC)

Abbreviations: BCC: Body-centered cubic; FCC: Face-centered cubic; GMAW: Gas metal arc welding; HDSS: Hyper-duplex stainless steel; WAAM: Wire
arc additive manufacturing.

Figure 9. Electron backscatter diffraction analysis: (a) image quality map, (b) phase map, and (c) kernel average misorientation map. Scale bar: 70 pm.
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Figure 10. Orientation image microscopy maps: (a) Face-centered cubic (FCC), (b) body-centered cubic (BCC), and (c) o phase. Scale bar: 70 um.

Figure 11. Inverse pole figures of (a) face-centered cubic (FCC) and (b) body-centered cubic (BCC)

matrix through a solid-state transformation, inheriting and thereby influence the microstructural phase balance.
specific crystallographic orientation relationships from
the parent ferrite. The ferrite-to-austenite transformation
kinetics contribute to the restricted atomic mobility in FCC

The thermal gradient (G) and solidification growth rate
(R) play a crucial role in determining grain morphology
and texture evolution during WAAM. High G:R ratios
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favor directional grain growth and texture development,*
whereas repeated thermal history associated with
subsequent layer deposition can promote recovery, grain
refinement, and partial texture randomization.

The pole figures in Figure 12 show the [001], [111], and
[110] planes corresponding to the FCC and BCC phases.
The FCC phase exhibited a texture intensity of 8.67 MUD
(Figure 12a), whereas the BCC phase showed a markedly
higher maximum texture intensity of 21.91 MUD (Figure
12b). As previously mentioned, the increase in the ferrite
texture intensity is caused by ferritization and reorientation
of grains in the direction of the thermal gradient, while
the decrease in the austenite texture intensity is caused
by its dissolution during ferritization and partial static
recrystallization.*

3.4.2. Grain size analysis

The grain size distributions for both FCC and BCC phases,
determined from EBSD data using the equivalent circle
diameter method in accordance with ASTM E2627, are
presented in Figure 13. The FCC phase exhibited a finer
average grain size of 14.7 um compared to the BCC phase
with an average grain size of 54.8 um, reflecting the finer
austenite grains produced by solid-state transformation
and the coarser ferrite grains formed during primary
solidification. This higher fraction of high-angle grain
boundaries (HAGBs) in WAAM samples is due to finer
grain refinement and grain dislocation pinning. In DSS,
the grain size is finer than that of austenite and ferritic

single-phase stainless steels. This is attributed to the dual
phase and the pinning effect of the ferrite and austenite
grains, which restricts the growth of the partner’s grains.*’
This finding is consistent with research on stainless steels.

3.5. Grain boundary distribution

Figure 14 presents the grain boundary misorientation
for both FCC and BCC phases. Boundaries with
misorientations of 2°-15° were classified as low-angle
grain boundaries (LAGBs), and those between 15°-180° as
HAGBs. The LAGB fractions in FCC and BCCwere 63.44%
and 92.63%, while HAGB fractions were 36.56% and
7.37%, respectively. The predominance of LAGBs is linked
to the accumulation and reorganization of dislocations into
sub-grain structures during successive WAAM thermal
cycles. Rapid thermal cycling and steep thermal gradients
facilitate recovery and substructure formation but are
insufficient to promote extensive boundary migration or
recrystallization, limiting HAGB formation.*®

In the FCC austenite phase, a high HAGB fraction
(36.6%) was observed, indicating greater grain subdivision
and potential recrystallization during the repeated thermal
cycles associated with the WAAM process. In contrast, the
BCC ferrite phase exhibited a dominant LAGB fraction
(~92.6%), suggesting extensive sub-grain formation
through dislocation rearrangement and recovery, with
limited grain-boundary migration.

The high density of LAGBs in ferrite reflects the

Figure 12. Pole figures of (a) face-centered cubic (FCC) and (b) body-centered cubic (BCC)
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Figure 13. Electron backscatter diffraction grain size distributions for face-centered cubic (FCC) and body-centered cubic (BCC) phases

accumulation and stabilization of dislocation structures
generated during cyclic thermal exposure. These
boundaries act as effective barriers to dislocation motion,
thereby contributing to strengthening through impeded slip
transfer while reducing localized stress concentrations.*
Consequently, the predominance of LAGBs in the ferrite
phase is expected to enhance strength and hardness.
Conversely, the higher HAGB fraction in the austenite
phase facilitates more effective slip transmission and strain
redistribution across grains, thereby promoting plastic
deformation and contributing to the overall ductility of the
WAAM-fabricated HDSS.

3.6. Microhardness

Microhardness indentations were performed at regular
intervals along the centerline of the cross-section parallel
to the build direction. As shown in Figure 15, the average
hardness over the full wall height was 334 + 20 HYV,
indicating a uniform mechanical behavior. Localized peak
hardness values were, however, recorded in some zones,
close to 390 HV, especially at the bottom layers near the
substrate and in isolated interlayer zones. The increased
hardness is attributed to locally increased cooling rates

near the substrate, resulting in a finer microstructure with
a higher ferrite fraction and higher dislocation density.
Further localized enrichment of Cr and Mo at interlayer
boundaries may promote minor o-phase nucleation, which
contributes to hardness spikes. The difference between
the average and peak values is attributed to the inherent
microstructural heterogeneity induced by thermal
gradients during WAAM deposition. While the bottom
layers are quenched faster through the substrate, the
upper layers accumulate heat and form coarser and more
austenite-rich structures. The variation in microhardness
directly correlates with the observed microstructural
gradient. A higher volume fraction of austenitic phases
(GBA, IGA, WA) generally contributes to increased
hardness owing to the solid solution strengthening effects
of nitrogen in austenite, while the ferritic regions exhibit
comparatively lower hardness. The progressive increase
in austenite content from bottom to top (38-45% ferrite)
corresponds to a slight decrease in average hardness in the
upper regions, consistent with the softer austenitic phase
becoming more dominant. Similar behavior was observed
in SDSS developed through WAAM.* The microstructural
variation is a direct consequence of the CCTH during
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Figure 14. Grain boundary misorientation histogram for face-centered cubic (FCC) and body-centered cubic (BCC) phases showing low-angle grain

boundary (LAGB) and high-angle grain boundary (HAGB) distributions

fabrication,” and the cumulative preheating effect from
previously deposited layers facilitates ferritic-to-austenitic
transformation in upper regions.*

3.7.Tensile behavior of WAAM-fabricated HDSS

Micro-tensile tests were conducted on the WAAM-
fabricated HDSS wall in three orientations: horizontal
(0°), diagonal (45°), and vertical (90°) relative to the
build direction. The results are given in Figure 16 and
Table 3. The specimens with 0° orientation showed the
highest ultimate tensile strength (UTS; 943 MPa) and
the highest total elongation (45.2%). The 45° specimens
reported a UTS of 935 MPa with 44.5% elongation, and
the 90° specimens reported a UTS of 927 MPa with
46.7% elongation. It should be noted that the micro-
tensile specimens had a small gauge length, which could

influence the total elongation because the specimen size
effects are significant at sub-standard gauge lengths. To
account for the absence of an extensometer, the uniform
plastic elongation was estimated by subtracting the elastic
component from the total elongation, yielding uniform
plastic elongations of 44.7%, 44.0%, and 46.2% for the
0° 45°, and 90° orientations, respectively. The elastic
component is calculated as:

ee=oUTS/E
where E = 200 GPa for DSS.

3)

The tested micro-tensile and bulk tensile specimens are
shown in Figure 17. To validate the micro-tensile data, three
bulk tensile specimens (ASTM E8/E8M-16, horizontal
direction) were tested, yielding a UTS of 937 + 7 MPa
and a 0.2% proof (yield) strength of 764 MPa. The good
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Figure 15. Microhardness profile along the centerline of the wire arc additive manufacturing—fabricated hyper-duplex stainless steel wall from bottom to

top, showing the average and localized peak values

agreement between micro-tensile and bulk tensile results
confirms that the micro-tensile data are representative
of the overall WAAM-fabricated HDSS wall properties
rather than being dominated by local heterogeneity.
The tensile properties of the WAAM-fabricated HDSS
compare favorably with those produced using other
methods: as-cast HDSS (ASTM A-890 Grade 7A, ~920
MPa UTS),!® PIM (761 MPa)," and SLM (901 MPa)."* A
comparison with literature values is summarized in Table
4. The slight mechanical anisotropy observed is correlated
with the microstructural gradient along the build height.
The higher strength in the 0° direction is associated with
the finer, more equiaxed grain structure formed along the
build direction, where solidification dynamics produce
a favorable grain morphology. This improved strength
is attributed to enhanced grain boundaries and the
formation of higher grain boundaries through pinning
and the Hall-Petch mechanism.”” The slightly reduced
strength at 90° is attributed to the transverse orientation
crossing multiple interlayer boundaries, which experience
different thermal histories. Importantly, the consistently
high elongation values (>44%) across all orientations

confirm that the WAAM process effectively suppressed the
formation of embrittling phases (Cr,N, o, x), maintaining
the excellent ductility characteristic of properly balanced
duplex microstructures.

Table 3. Average micro-tensile properties of GMAW-based
WA AM-fabricated UNS $32707 HDSS

Property Unit ,00 . 45° 990
(horizontal) (diagonal) (vertical)
UTS MPa 943 935 927
Total elongation % 45.2 445 46.7
Uniform plastic % 447 44.0 46.2

elongation

Note: Three samples per orientation.

Abbreviations: GMAW: Gas metal arc welding; HDSS: Hyper-duplex
stainless steel; UTS: Ultimate tensile strength; WAAM: Wire arc additive
manufacturing.
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Figure 16. Micro-tensile behavior of WAAM-fabricated HDSS at 0°, 45°, and 90°. (a) Stress—strain curves. (b) Ultimate tensile strength (UTS) and

elongation (EL) comparison.

Abbreviations: HDSS: Hyper-duplex stainless steel; WAAM: Wire arc additive manufacturing.

Table 4. Comparison of mechanical properties of UNS S32707
HDSS produced by different methods

Processing UTS YS Elongation

route (MPa)  (MPa) (%) Reference
As-cast (ASTM "
A890) 920

PIM 761 529 14.0 14
SLM 901 658 36.4 1
GMAW-based

WAAM (this 93717 764 45.2 -
work)

Abbreviations: GMAW: Gas metal arc welding; HDSS: Hyper-duplex
stainless steel; PIM: Powder injection molding; SLM: Selective laser
melting; UTS: Ultimate tensile strength; WAAM: Wire arc additive
manufacturing; YS: Yield strength.

3.8. Fractography analysis

Figure 18 shows the fractographs of the bulk tensile
specimen (0° orientation, fractured at 937 MPa) at
different magnifications. The fracture surfaces revealed a
predominantly ductile mode of failure, with numerous fine
dimples resulting from micro-void nucleation, growth,
and coalescence. Extensive dimple patterns confirm
significant plastic deformation prior to failure, consistent
with the high elongation values observed in tensile testing.
Similar ductile fracture behavior has been reported in
SDSS produced using DED.*® The voids are primarily
formed at the interfaces between ferrite and austenite
phases and at inclusion sites, where the differences in

mechanical properties between the two phases promote
strain localization and void nucleation. The fine dimple
size is consistent with the fine-grained, well-balanced
duplex microstructure observed in the EBSD analysis,
confirming that the absence of large brittle precipitates
prevented premature cleavage fracture.

3.9. Potentiodynamic polarization studies

Kinetics of electrochemical corrosion were investigated
using the polarization technique.” To evaluate corrosion
performance, two tests were conducted: a non-destructive
test (EIS) and a destructive test (potentiodynamic
polarization). The polarization curve depicted the
relationship between current density and potential.
Figure 19 shows the polarization curve of HDSS. The
electrochemical parameters comprising E , and Tafel
slopes are listed in Table 5.

cor”’ ) corr’

The E__, determined by interpolation, was —0.0424
V vs. SCE. Tafel extrapolation of the linear anodic and
cathodic branches yielded an anodic Tafel slope (8,) of
0.229 V/dec and a cathodic Tafel slope (B_) of 0.689 V/dec.
The average corrosion current from both branches wasI__
= 7.222 x 10-6 A (exposed area = 1 cm?). The corrosion
rate was 0.07877 mm/year. The polarization resistance was
computed via the Stern-Geary equation:

R =B/j.. (4)

where B = /[2.303(B, + B,)]), and the calculated R, was
1.034 x 10* Q.cm?.

The Tafel slopes of 0.229 and 0.689 V/dec are within the
typical range for passivating DSS, where mixed activation-
diffusion control leads to slopes above the theoretical

Volume 5 Issue 3 (2026)

17

doi: 10.36922/MSAM026280066


https://doi.org/10.36922/MSAM026280066

Materials Science in Additive Manufacturing

UNS S32707 fabricated using WAAM

Figure 17. Fractured samples of GMAW-based WA AM-fabricated UNS $32707 HDSS: (a) micro-tensile specimens and (b) bulk tensile specimens
Abbreviations: GMAW: Gas metal arc welding; HDSS: Hyper-duplex stainless steel; WAAM: Wire arc additive manufacturing.

120 mV/dec for purely activation-controlled reactions.®
The near-symmetry of the anodic and cathodic slopes
indicates similar kinetic barriers for metal dissolution
and cathodic oxygen reduction. The E__ of -0.0424 V
vs. SCE is consistent with the electrochemical behavior
of Cr-Mo-N stainless steels, forming stable Cr,O,-based
passive films in 3.5 wt.% NaCl. The corrosion rate of 0.0788
mm/year confirms good uniform corrosion resistance in
the as-deposited condition; this value is lower than those
reported for as-cast DSS grades® and comparable to

WA AM-fabricated SDSS.

3.10. Open-circuit potential over time

Prior to polarization testing, the OCP of the WAAM-
fabricated HDSS sample was monitored for 3,600 s (60 min)
at 1-s intervals. The OCP transient is shown in Figure 20c.
Theinitial potential at £ = 1 s was —284.9 mV vs. SCE, and it
gradually shifted in the anodic direction, reaching —209.7
mV vs. SCEat t = 3,600 s. The total potential shift over
the 60-min monitoring period was 75.3 mV. The cathodic
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Figure 18. Fractographs of the bulk tensile specimen (0° orientation) of WAAM-fabricated HDSS at different magnifications: (a) Fracture surface with
voids (scale bar: 30 um), (b) ductile fracture surface showing ductile dimples (scale bar: 10 pm)
Abbreviations: HDSS: Hyper-duplex stainless steel; WAAM: Wire arc additive manufacturing.

Figure 19. Potentiodynamic polarization curve (Tafel plot) for the WAAM-fabricated UNS $32707 HDSS sample measured in 3.5 wt.% NaCl solution
Abbreviations: HDSS: Hyper-duplex stainless steel; WAAM: Wire arc additive manufacturing.

drift of the OCP indicates progressive thickening and was —214.9 £3.9 V (standard deviation < 3.9 mV), and the
stabilization of the passive oxide film, as the increased film drift rate was 2.16 mV/min, confirming that the potential
thickness shifts the mixed potential toward more negative was approaching steady-state conditions. The final OCP
values. During the final 300 s (last 5 min), the mean OCP value of —209.7 mV vs. SCE is consistent with the E_
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obtained from the subsequent Tafel scan (E__ = -0.0424
mV), with the difference attributable to the perturbation of
the passive film during the polarization sweep.

Table 5. Potentiodynamic polarization data for the WAAM-
fabricated HDSS sample in 3.5% NaCl solution (extracted
from experimental Tafel scan)

Electrochemical parameters Tafel data
Corrosion potential E_ (V) —-0.0424
Corrosion current, I (A) 7.222 x 107¢
Corrosion current density, ] (A/cm?) 7.222 x 107¢
Polarization resistance, Rp (Q-cm?) 1.034 x 10*
Anodic Tafel slope, B (V/dec) 0.229
Cathodic Tafel slope, B_ (V/dec) 0.689
Corrosion rate (mm/y) 0.07877

Abbreviations: HDSS: Hyper-duplex stainless steel; WAAM: Wire arc
additive manufacturing.

3.11. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy was performed
at OCP on the WAAM-fabricated HDSS. The measured
impedance data are presented as a Nyquist plot in Figure
20a, which shows the relationship between the real and
imaginary impedance. To study the corrosion rate, oxide
layer, and reaction parameters, EIS was conducted. The
phase plot reveals the relationship between phase angle and
frequency, whereas the Bode plot in Figure 20b shows the
relationship between impedance magnitude and frequency.
The Nyquist plot displays a partial capacitive arc in both
Z’ and |Z”|, which increased with decreasing frequency,
characteristic of a charge-transfer-controlled process with
the formation of a protective passive layer. The consistently
negative Z” values across all measured frequencies confirm
purely capacitive behavior, indicating that the passive film
on the HDSS surface remains intact without evidence
of inductive loops or film breakdown within the tested
frequency range. The progressive increase in phase angle
magnitude from —72.8° (100 Hz) to —168.7.0° (5,180 Hz) is
consistent with an increasing capacitive contribution from
the passive oxide film at lower frequencies. The resistance
value of 14.7 Q-cm? reflects the electrolyte resistance of the

Figure 20. Electrochemical analysis of WAAM-fabricated UNS $32707 HDSS in 3.5 wt.% NaCl. (a) Nyquist plot showing impedance response over
0.1-100 kHz. (b) Bode impedance modulus vs. frequency. (c) OCP transient over 3,600 s showing anodic drift from —284.9 mV to -209.7 mV vs. SCE.
Abbreviations: HDSS: Hyper-duplex stainless steel; OCP: Open-circuit potential; SCE: Saturated calomel electrode; WAAM: Wire arc additive

manufacturing.
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3.5 wt.% NaCl solution. Similar results were observed by Li
et al.>® during corrosion studies performed on HDSS 2707.

4, Conclusion

In this study, UNS S$32707 HDSS was successfully fabricated
via GMAW-based WAAM, targeting the subsea umbilical
system and offshore components. The microstructural,
mechanical, and electrochemical corrosion behavior were
investigated. The significant findings are:

o A defect-free, 52-layer wall was successfully deposited
with an inter-pass heat input of 0.2601 kJ/mm and
an inter-pass temperature range of 110 °C-150 °C, as
confirmed by X-ray radiography.

« EBSD analysis confirmed a well-balanced duplex
microstructure consisting of 52.1% BCC ferrite and
47.4% FCC austenite, with a minor 0.5% ¢ phase
confined to grain boundaries. No y phase, Cr )N, or
Yy, was observed, confirming the effective suppression
of secondary phases through optimized interpass
thermal temperature control.

o  Ferrite exhibited a strong crystallographic texture,
with inverse pole figure and pole figure intensities of
4.25 and 21.91 MUD, respectively. LAGB fractions
were 92.63% in BCC and 63.44% in FCC, while the
corresponding grain sizes were 54.8 um and 14.7 pm,
respectively.

o The WAAM-fabricated HDSS exhibited a UTS of 937
+ 7 MPa and a yield strength of 764 MPa. Consistent
elongation values above 44% across all orientations
confirmed the absence of embrittling phases.

+  Potentiodynamic polarization test in 3.5 wt.% NaCl
showed good corrosion resistance, with E_ = -0.0424

V vs. SCE, j = 7222 x 10° A/cm?, and a corrosion

rate of 0.07877 mm/y.
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