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Abstract: The austenitic stainless steels utilized in the production of osteosynthesis devices are
susceptible to crevice corrosion. Several studies have compared the corrosive behavior of austenitic
and duplex stainless steels (DSS), both of which are recognized as viable biomaterials for tissue
engineering applications. All of the in vitro and in vivo studies on animals and clinical results
reported to date indicate that austeno-ferritic duplex stainless steel can be recommended as a suitable
alternative to ASTM F138 steel, since it is resistant to crevice corrosion in the human body and presents
superior mechanical properties. The use of DSS for biomedical applications is still under discussion,
mainly due to the lack of knowledge of its behavior in terms of device heating or induced movement
when exposed to magnetic fields, a potentially harmful effect for the human body. As a breakthrough
production technology, additive manufacturing (AM) has demonstrated significant benefits for the
fabrication of metal devices with patient-specific geometry. Laser powder bed fusion has particularly
been used to manufacture DSS-based components. A fine control of the processing conditions allows
for an understanding of DSS microstructural evolution, which is essential for selecting processing
parameters and estimating performance, including mechanical properties and corrosion resistance.
Furthermore, scientific investigation is necessary for determining the relationships among material,
process, and magnetic properties, in order to establish the underlying principles and critical responses.
The purpose of this review is to highlight the key performances of DSS for biomedical applications and
to point out the relevant role of advanced processing technologies such as additive manufacturing.

Keywords: duplex stainless steel; laser powder bed fusion; microstructure; mechanical properties;
corrosion resistance; magnetic behavior; biomedical applications

1. Introduction

Among the traditional biomaterials for grafting, cobalt-chromium and titanium alloys
are used for permanent implants [1], while stainless steel alloys are generally employed for
temporary ones. Additionally, when a second surgery to remove the temporary implant
after tissue healing leads to increased patient morbidity and healthcare costs, biomate-
rials that biocorrode, such as magnesium alloys [2] and Fe-Mn alloys [3], are currently
attracting significant interest. As a temporary non-degradable implant, austenitic stainless
steels (ASTM F138/139 and ASTM F745) are commonly used in the production of load
bearing components promoting bone healing, such as bone plates and nails for the shin-
bone, screws, pins, sutures, and steel threads and networks used in fixing fractures [4].
Specifically, ASTM F138/139 is employed for device fabrication by forging and machining
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processes, whereas ASTM F745 is utilized for cast implants. In addition to their inexpen-
sive cost, these materials are biocompatible and possess adequate mechanical, physical
and electrochemical properties. Nevertheless, the austenitic stainless steels (SS) show low
corrosion resistance when exposed to body fluids. Consequently, prolonged contact with
these chloride-ion-containing aggressive media may increase the likelihood of localized
corrosion [5]. The eventual corrosion, in addition to causing the chemical and mechanical
degradation of the implant, promotes the release of metallic ions into the surrounding
tissues, which, as the case of nickel (Ni), can cause metal allergy, carcinogenicity, cyto-
toxicity, and genotoxicity when released in concentrations that exceed the admissible
levels [5]. Moreover, austenitic SS have insufficient fatigue resistance for several extremely
high stressed orthopedic devices, such as Harrington rods for the treatment of scoliosis
and sliding-compression plate-screw systems [6]. Consequently, several research studies
have focused on providing an alternative to the traditional austenitic SS employed in the
biomedical field, focusing on duplex stainless steels in order to preserve the advantages of
austenitic SS, while overcoming their application limits. Duplex stainless steels (DSS) show
a peculiar double phase structure that contains approximately equal amounts of the ferrite
and austenite phases (Figure 1), resulting in a useful combination of mechanical properties
and corrosion resistance [7].

Figure 1. Typical microstructure of a duplex stainless steel (DSS 2205)—Red arrow indicates the
ferritic phase, while yellow arrow indicates the austenitic phase. Figure adapted with permission
from Ref. [8]. Copyright (2022), Elsevier.

The properties of duplex stainless steels are primarily determined by their chemical
composition and thermal history. C, Cr, Ni, Mn, N and Mo are the most major alloying
elements in DSS, but small amounts of Cu, W and rare earth elements are also present [9].
Alloying elements can be divided into ferrite stabilizing elements (such as Cr, Mo, and
5i) and austenite stabilizing elements, such as Ni and N [4,10]. The Schaeffler diagram in
Figure 2A illustrates their effect on the final phase configuration: a proper Creq and Nieq
content (wt%), which determines the stability of the two-phase ratio.

The formation of carbides, precipitates and secondary phases is likely to take place
during heat treatments (Figure 2B) because of the thermal instability of the microstruc-
ture. Since their formation considerably affects both mechanical properties and corrosion
resistance, a critical balance between the two-phase ratio and the avoidance of harmful
precipitates formation must be ensured [8,11,12]. As an example, the brittle tetragonal
o-phase, which forms due to the increased amount of ferrite stabilizing elements, leads to
a remarkable ductility degradation and increased corrosion susceptibility, which can be
observed even with a small portion of this phase [13,14].

The presence of the ferrite phase increases the stress corrosion cracking and the
yield strength of austenitic stainless steels, while the presence of the austenite phase may
increase the toughness of ferritic stainless steel. Moreover, the ferritic phase of DSS exhibits
excellent magnetic properties, confirming its application in endoprostheses gadget-like



Metals 2023, 13, 949

3 0f 30

Nickel equivalent, wt%

30

L]
o

-
o

magnetic stent materials [1,15]. However, the effects of the eventual exposure to magnetic
fields should be thoroughly investigated in order to prevent potential harm to the human
body [1,15]. The reduced nickel content of DSS, as compared to austenitic stainless steel,
allows for the eliminating or minimizing of the adverse effects of the allergic reaction
caused by Ni release. Therefore, DSS are considered as alternative materials to austenitic
stainless steel for use in the medical industry [16,17]. The popularity of DSS has spurred
the producers to create further duplex stainless steels containing varying amounts of
alloying elements. Standard duplex, lean duplex, hyper duplex, and super duplex are some
of the DSS, and are categorized according to their pitting resistance equivalent number
values [7]. Therefore, the behavior of several DSS alloys has been studied in the literature
by in vitro and in vivo tests, with the aim of overcoming traditional stainless steel issues in
biomedical applications. In vitro tests found in the literature on DSS mostly investigated
material corrosion behavior and mechanical properties. Several studies also focused on the
improvement of surface corrosion resistance following surface treatment and coating, as
well as on the magnetic properties of DSS. No studies on cell response to DSS have been
reported in the literature as of yet, whereas in vivo biological tests aiming to understand
the DSS behavior in contact with biological tissues have been conducted on small animals.
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Figure 2. Phase configuration of DSS: (A) Schaeffler diagram—Nickel equivalent = Ni + Co + 30C + 25N
+ 0.5Mn + 0.3Cu; Chromium equivalent = Cr + 2Si + 1.5Mo + 5V + 5.5A1 + 1.75Nb + 1.5Ti + 0.75W; and
(B) Pseudo-binary Fe-Cr-Ni phase diagram at 70% Fe. Figures adapted with permission from Ref. [8].
Copyright (2022), Elsevier.

It is worth noting that research on DSS as a biomaterial has proceeded in parallel
with the general increase in interest in DSS over the past 40 years (Figure 3). Scientific
publications from the Scopus database were used in this study to retrieve the trend of article
publication illustrated in Figure 3, based on the following keywords: “Duplex Stainless
Steel” (Figure 3A) and “Duplex Stainless Steel” and “Biomaterial” (Figure 3B).

In recent years, research on DSS produced by additive manufacturing (AM) techniques
has rapidly grown, as is visible from the trend of article publication from the Scopus
database based on the keywords “Duplex Stainless Steel” and “Additive Manufacturing”,
as shown in Figure 4.

However, to the best of the authors” knowledge, no study has focused on combining
DSS and AM technologies for biomedical applications.

Additive manufacturing (AM) is an advanced technique used to build complex struc-
tures by adding material layer-by-layer using 3D model data. AM has shown a great
potential in the biomedical field, due to advantages such as the production of customized
biomedical products, cost effectiveness, improved productivity, accessibility, and short
production time [18]. In an increasing number of case studies, traditional manufacturing
techniques are no longer competitive with this advancing technology for the production of
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one-of-a-kind end-use medical devices [19]. Powder bed fusion (PBF) is one of the most
widely used AM methods. In the PBF process, a heat source (laser or electron beam) is
focused over a powder material layered on a bed, and melts the intended cross-sectional
area according to the component design [20,21]. The laser powder bed fusion (L-PBF)
technology, in particular, is highly suitable for biomedical applications such as pre-surgical
planning, prosthetics, and bone scaffolds for tissue engineering [22], given the high level of
detail and the accuracy typical of this laser-based AM technology. L-PBF technology can
effectively control the pore size, distribution, and porosity level of porous bone implants,
allowing patient customization [23]. Stainless steel was among the first metals to be used
in L-PBF processes, and today several biocompatible stainless steel alloys fabricated by
L-PBF, such as 304 or 316 L, are readily available on the market [23,24]. Laser re-melting
during the L-PBF process allowed for the achievement of a relative density of stainless steel
devices of over 99.9%. Additionally, the rapid cooling during the L-PBF process results
in a refined stainless steel microstructure, enhancing the tensile strength with a reduction
in ductility. A fine cellular dendritic structure is characteristic of 316L parts produced by
L-PBF due to the rapid solidification during the process. This results in the higher strength
obtained as compared to forged 316 L stainless steel parts, which experience lower cooling
rates. Furthermore, a surface roughness of about 20 um can be achieved via L-PBF, en-
abling implant osteointegration. Laser re-melting or post processing, such as sand-blasting,
shot-peening, or manual grinding can be used to achieve a smooth and shiny surface [25].
In this review work, the performances of duplex stainless steel manufactured by L-PBF
are reviewed, assuming as a reference the behavior of 316L stainless steel, which is widely
studied in the literature as a result of its biomedical applications.
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Figure 3. Diagram of the trend of article publication from the Scopus database, based on the keywords:
(A) “Duplex Stainless Steel”; (B) “Duplex Stainless Steel”, and “Biomaterial”.

However, given all the phenomena involved in the L-PBF production process (i.e.,
laser-powder interaction drawbacks and very high solidification rates), the fabrication of
devices with a high surface quality and a fixed and predictable microstructure is still quite
challenging. A fine control of the AM process and post-processing conditions would allow
for an understanding of the microstructural evolution of DSS, which is a critical point for
designing the performance of biomedical devices, including mechanical properties and
corrosion resistance [8]. In addition, establishing a material-process-magnetic-response
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relationship would permit for the controlling of critical magnetic behaviour during the
in vivo use of the device [26].

«Duplex Stainless Steel»; «Additive Manufacturing»
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Figure 4. Diagram of the trend of article publication from the Scopus database based on the keywords
“Duplex Stainless Steel” and “Additive Manufacturing”.

The purpose of this review is to highlight the key performance of DSS for biomedical
applications and to point out the relevant role of advanced processing technologies in
additive manufacturing in order to stimulate a scientific interest in combining DSS and
L-PBF technology for biomedical applications.

2. DSS for Biomedical Applications
2.1. In Vitro Performances

Complex service conditions are determined by two major conditions that lead to
biomaterial failure [27]:

(1) The human body fluids comprising minerals, ionic salts, hydrolytic enzymes, proteins,
nucleic acids, gases, carbonates, and lipids, thus representing an extremely tough
environment;

(2) The demanding loading conditions.

In vitro tests on DSS found in the literature mostly investigated the material corrosion
behavior and mechanical properties, as summarized in Table 1. Several studies also focused
on the improvement of surface corrosive behavior following surface treatment and coating
and on the magnetic properties of DSS (Table 1). In most studies, the performance of duplex
steels is compared with the austenitic ones, which are most commonly used in the medical
field (Table 1).

2.1.1. Corrosion Behavior

According to the findings of Cigada et al. [28], 25Cr-7Ni-4Mo-0.28N DSS (SAF 2507)
exhibits the highest localized corrosion resistance among the investigated austenitic SS
(AISI 316L, ASTM F138 and 27Cr-31Ni-3.5Mo) and traditional DSS (23Cr-4Ni and 22Cr-5Ni-
3Mo (SAF 2205)), allowing it to be deemed not susceptible to crevice corrosion in the human
body [28]. Specifically, the ranking of localized corrosion resistance in artificial physiological
solution of the tested steels is as follows: 23Cr-4Ni < AISI 316L < ASTM F138 < 22Cr-5Ni-3Mo
(SAF 2205) < 27Cr-31Ni-3.5Mo < 25Cr-7Ni-4Mo-N (SAF 2507) [2,29].

Despite the fact that SAF 2507 is renowned for its excellent mechanical strength and
exceptional corrosion resistance, especially in chloride-rich environments, duplex stainless
steels have not yet been accepted as implant materials due to the ferrimagnetic properties
of the ferritic phase [30].

The corrosive behaviour of 2507 and 2205 DSS was also compared by Hammood et al. [17]
in artificial saliva for orthodontic wire applications. SAF 2507 shows a higher corrosion
resistance in artificial saliva than SAF 2205 before and after heat treatment, which is required
in order to break down or dissolve secondary phases (sigma phase), remove segregation
and to relieve any residual thermal stresses of the production process [17].
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Electrochemically, cast 25Cr-7Ni-4Mo-N DSS outperforms F745 SS (18Cr-12.5Ni-2.5Mo
stainless steel) as a biomaterial, since it is less susceptible to localised corrosion in body-
simulated fluids. In addition, the electrochemical response of DSS is superior to that of
316LVM (vacuum melt) and nickel free high nitrogen austenitic stainless steels alloyed with
Mn, which are commonly employed in the medical industry [5].

In addition to the investigation of DSS corrosion resistance (2205 alloy) in as built
condition [31,32], many experimental studies focused on coating the biomaterial by the
electrophoretic deposition of a hydroxyapatite/titania nanocomposite [16] and by elec-
trical discharge [15] to enhance the DSS biological response and corrosion resistance.
Kose et al. [31] investigated the corrosion resistance and apatite formation on the surface
of base and laser-welded AISI 2205 DSS implants in SBF for 1, 3, 7, 14, 21, and 28 days. The
samples were laser-welded using the following values of laser power [W] and scanning
speed [cm/min]: C1-3500 W, 90 cm/min; C2-3500 W, 270 cm/min; C3-4000 W, 90 cm/min,
and C4-4000 W, 180 cm/min. The results indicate that apatite development was better on
the surface of the base material in comparison with laser-welded samples, thus resulting in
greater bioactivity. However, all of the samples kept in SBF exhibited extremely low corro-
sion rates (Figure 5A) due to their extremely minimal weight loss (Figure 5B). Therefore,
laser-welded AISI 2205 DSS shows sufficient corrosion resistance for short-term implants
in the human body depending on heat input [31].
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Figure 5. Corrosion behavior of AISI 2205 DSS base material and laser-welded samples (C1, C2, C3,
and C4) during 28 days of SBF bath: (A) Corrosion rates; (B) Weight loss rates. Figures adapted with
permission from [31]. Copyright (2020), Springer Nature.

Platt et al. [32] compared the corrosion behaviour of 2205 DSS to that of AISI 316L
SS, subjecting both stainless steels to electrochemical and immersion corrosion tests in 0.9
wt.% sodium chloride solution at 37 °C. Electrochemical testing indicated that 2205 has a
longer passivation range than 316L. When 2205 was coupled to 316L with equal surface
area ratio, the corrosion rate of 2205 reduced, demonstrating that 316L acted like a sacrificial
anode. When 316L is coupled with titanium-nickel (NiTi), titanium-molybdenum (TMA),
or stainless steel arch wire, and is subjected to the immersion corrosion test, 316L stainless
steel suffered from crevice corrosion. On the other hand, 2205 stainless steel did not show
any localized crevice corrosion, although the surface of 2205 was covered with corrosion
products, formed when coupled to NiTi and stainless steel wires. From the standpoint
of corrosion resistance, the use of 2205 as an orthodontic bracket material seems to be
justified when the arch wire material is stainless steel or titanium. The use of this alloy
could decrease the amount of corrosion products to which a patient would be exposed that
could minimize nickel allergy problems, which is potentially associated with orthodontic
treatment [32].

Hammood et al. [16] investigated the electrophoretic deposition (EPD) of hydroxyap-
atite/titania (Hap/TiO,) nanocomposites on 2205 DSS. Using the EPD process at a voltage
of 30 V for 1 min, a homogeneous and crack-free thin coating was obtained. The Hap/TiO,
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nanocomposite coating on 2205 DSS showed the lowest corrosion current density and the
best corrosion resistance in Ringer’s solution. Furthermore, the coating displayed enhanced
pitting corrosion resistance compared to the uncoated substrate when immersed in Ringer’s
physiological solution. Therefore, the results demonstrate that DSS offers superior corro-
sion resistance and stability, and is therefore suitable for medical applications as a substrate
coated with a Hap/TiO; layer [16].

Similarly, Hammood et al. [7] examined a hydroxyapatite (Hap) coating on 2304 duplex
stainless steel (DSS) through an EPD process, testing the corrosion behavior in simulated
body fluid (SBF) through a potentiodynamic polarization. The Hap coating on the 2304 DSS,
obtained at 30 V of voltage for 2 min, exhibits the higher corrosion resistance in SBF with
respect to the uncoated samples, as is visible from the potentiodynamic polarization curves
reported in Figure 6, and promotes good biocompatibility [7].

100 — As-built 2304 DSS

—— Hap coated 2304 DSS by EPD

—100

—200 -

Potential (mV)

=300 -

—400 —

=500

1X10° 0.0001 0.001 0.01 0.1 1
Current Density (LA/cm?)

Figure 6. Potentiodynamic polarization curves of 2304 DSS in as-built and EPD conditions in an SBF
solution at 37 °C. Figure adapted from [7].

A further surface treatment to improve DSS biological responses and corrosion resis-
tance was performed by Mahajan et al. [15], focusing on the electrical discharge treatment
of 2205 DSS. Electrical discharge machining (EDM) was carried out at various spark energy
levels by varying input factors, and corrosion performances of unmachined and treated
surfaces were studied through an electrochemical potentiodynamic test. Moreover, the
biological behavior of unmachined and treated specimens was investigated by evaluating
the in vitro interaction with human red blood cells. According to the results, EDM sur-
face treatment considerably improves the corrosion resistance and biological properties of
the DSS alloy. Therefore, the surface modification of 2205 DSS by EDM is regarded as a
potential method for enhancing the corrosion resistance and biological responses that are
necessary for biomedical applications [15].

Using electrochemical techniques, Sathiyanarayanan et al. [27] compared the corrosion
behaviour of Ti6Al4V titanium alloy, conventional 22Cr-5Ni-3Mo-0.15N-0.02C DSS, (UNS
31803) and AISI 304 austenitic SS in synthetic biofluids, and commented on the suitability of
DSS for use in biomedical applications. Their findings indicated that the general corrosion
resistance of DSS is slightly lower than that of austenitic SS and a titanium alloy. However,
when exposed to synthetic biofluids, DSS shows no signs of pitting, and exhibits exceptional
resistance to localized corrosion on par with a titanium alloy. Thus, from the dissolution
studies conducted on DSS in the Hank and Cigada solutions, it can be concluded that
duplex stainless steels are one of the best alternates to titanium alloys, keeping the high
cost factor in mind [27].
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Table 1. In vitro performances of duplex and austenitic stainless steels studied and compared in the literature for biomedical applications. SS-stainless steel;

ASS-austenitic stainless steel; DSS-duplex stainless steel.

Stainless Steels Degradation Test Mechanical Behavior Magnetic Behavior Reference
25Cr-7Ni-4Mo-N DSS
(SAF 2507-UNS S31050)
23Cr-4Nji The resistance of the tested steels to localized
N corrosion in artificial physiological solution is as - - [6]
22Cr-5Ni-3Mo DSS follows: 23Cr-4Ni < AISI 316L < ASTM F138 <
(SAF 2205-UNS 532205) 22Cr-5Ni-3Mo < 27Cr-31Ni-3.5Mo <
AISI 316L ASS 25Cr-7Ni-4Mo-N
ASTM Fl;‘aS ASS 25Cr-7Ni-4Mo-0.28N DSS shows fatigue limits -~ 28]
27Cr-31Ni-3.5Mo ASS remarkably higher than ASTM F138 ASS
. - UTS and YS values for the DSS were 870 and 560 . . .
25Cr-7Ni-4Mo-N DSS 25Cr-7Ni-4Mo-N DSS suffers lower susceptibility  Mpa, while they were 460 and 220 MPa for the DSS shows higher magnetic saturation and
18Cr-12.5Ni-2.5Mo (E745 SS-ASTM F745) to localised corrosion in body simulated media F745 SS, respectively; while F745 SS shows higher ~ 1emanence, whereas F745 S5 has a higher 5]
than F745 S5 elongation (30%) than DSS (20%) coercive force
SAF 2507 exhibits higher corrosion resistance in
gillj 538; ggg artificial saliva than SAF 2205, both before and [17]
after heat treatment
Coating deposited (Hap/TiO, nanocomposite)
2205 DSS coated with hydroxyapatite/titania (Hap/TiO,) exhibits improved pitting corrosion resistance 16
nanocompositeusing EPD process when immersed in Ringer’s physiological solution [16]
with respect to uncoated 2205 DSS
. . The Hap coating on the 2304 DSS has higher
2304 DSS coated with hydroxyapatite (Hap) through corrosion resistance in SBF than the 71
EPD process uncoated samples
Very low corrosion rates due to very low weight
AISI 2205 DSS losses were detected in all samples kept in SBF at [31]
different times
The general corrosion resistance of DSS is slightly
22Cr-5Ni-3Mo-0.15N-0.02C (UNS 31803) 1nfer1}(l)r to that Qf aus;en_m‘c SS; lﬁowever, DSS does .
'AISI 304 austenific SS not show any signs of pitting when exposed to [27]
synthetic biofluids, and exhibits excellent
resistance to localised corrosion
The surface treatment by EDM significantly
2205 DSS treated with Electrical discharge machining (EDM) enhances the corrosion resistance and biological [15]
performances of 2205 DSS
2205 DSS 2205 has a longer passivation range than 316L in a [32]

AISI 316L SS

sodium chloride solution
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2.1.2. Mechanical Behavior

Surgical implants are vulnerable to dynamic loads exerted by body movements and
weight. During walking, the load of an implant can reach four times the body weight at the
hip and three times the body weight at the knee. Although the static test does not reflect
the actual working conditions of the implants, it allows for the behaviour comparison of
different biomaterials and for the making of an estimation of their final performance [5].

Comparing the mechanical properties of 25Cr-7Ni-4Mo-N DSS and 18Cr-12.5Ni-2.5Mo
SS (F745 SS), the ultimate tensile strength (UTS) and yield strength (YS) values were
870 MPa and 560 MPa for the first, and 460 MPa and 220 MPa for the second, respectively
(Figure 7). The higher mechanical strength of the DSS with respect to F745 SS is not
directly related to the balance of the austenite and ferrite properties, since UTS and YS
show greater values than those of both phases. The increase in mechanical strength can be
attributed to the smaller grain size, which typically possesses DSS, in addition to the solid
solution hardening encouraged by the higher substitutional Cr and Mo concentrations,
in addition to the interstitial N. Moreover, UTS and YS are directly related to the fatigue
strength; therefore, the higher values of these parameters reported for DSS indicate that this
material has greater fatigue resistance than F745-SS and, subsequently, a lower probability
of mechanical failure [5].

1000 _
 UTS
—YSs
© 800 A
o
=
— 600
=
)
e
o 400}
|
=
wn
200 ¢
ot ;
F745 SS DSS

Figure 7. Comparison of mechanical values between 25Cr-7Ni-4Mo-N DSS and 18Cr-12.5Ni-2.5Mo
SS (F745 SS) in solution annealed conditions. UTS—ultimate tensile strength; YS—yield strength.
Figure adapted with permission from [5]. Copyright (2015), Taylor & Francis.

This result is consistent with the findings of Cigada et al. [28], showing that the fatigue
limits of 25Cr-7Ni-4Mo-0.28N DSS can be significatively higher than those of the ASTM
F138 austenitic SS. This makes it easier to predict a better in vivo behaviour of prosthetic
components produced with the DSS compared to the traditional one [28]. In contrast, the
elongation values were 20% for DSS and 30% for F745 SS. The greater elongation of F745
SS is a result of its fully austenitic structure, which confers higher ductility. In the case of
DSS, the presence of ferrite in the microstructure reduces its ductility, while increasing its
mechanical strength [5].

2.1.3. Magnetic Behaviour

The knowledge of the magnetic behaviour of biomaterials is essential, since exposure
to static and/or variable magnetic fields (e.g., magnetic resonance imaging—MRI), may
result in heat or movement that can be harmful to the human body. For example, the field
strengths of MRI scanners range from 0.2 to 7.0 T, with the majority operating at 1.5 T.
The main inconveniences that can occur in this environment are magnetically induced
displacement forces and torques, as well as heating and image artefacts [5].
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The magnetic properties of 25Cr-7Ni-4Mo-N DSS and F745 SS were analysed by
Gregorutti et al. [5]. The magnetic analysis found that both stainless steels exhibit properties
similar to those of soft magnetic materials. The most significant differences are magnetic
saturation and remanence, which are greater in DSS due to the presence of ferrite in its
microstructure. However, F745 SS shows a higher coercive force, indicating that it is more
susceptible to heating when exposed to magnetic fields [5].

The ferritic phase of DSS shows excellent magnetic properties, which proved their
applicability in endoprosthetics as biomaterials for magnetic stents [15], but prevented
their acceptance as implant materials [30].

2.2. In Vivo Experiments

In vivo biological tests aim to understand the DSS behavior when in contact with
biological tissues. The suitability of DSS for the manufacturing of osteosynthesis devices
or orthopedic components in place of the traditional austenitic SS [28,33], and for the
induction of interstitial hyperthermia in deep-seated tumors [34], was investigated by the
in vivo experiments listed in Table 2.

Table 2. In vivo experimental works in the literature that used duplex stainless steels.

Stainless Steels

Experimental Study Reference

25Cr-7Ni-4Mo-0.28N DSS

Crevice corrosion investigation of implant on rabbit and sheep
femurs and of Endomedullary nails (Ender type) in patient

femurs for about 6 months, to set up an alternative to the [28]

ATSI 304L, employ of conventional austenitic SS
ASTM F138 austentic SS Cylindrical pin (2 mm diameter, 6 mm length) implantation in
rabbit for 6 and 12 months to find an alternative with respect to [33]
the ASTM F138 austenitic SS
Thermoseed (0.23 mm diameter, either L-shaped and I-shaped)
16.5Cr-9.5Ni-5.3Nb-4Cu-3.2Co DSS  insertion in the liver of New Zealand white rabbits for inducing [34]

heating by magnetic field exposition to cause hyperthermia

Cigada et al. [28] conducted an in vivo investigation on sheep and rabbits to evaluate
the biocompatibility and the in vivo localized corrosion resistance of 25Cr-7Ni-4Mo-0.28N
DSS. After the implant, the rabbit and sheep femur sections revealed a certain bone growth
close to the metal device, without interposed connective tissue. The bone near the implant
exhibited no metallic ion diffusion, and the phosphorus/calcium ratio (P/Ca) in the new
bone was comparable to that of the old bone. With regard to the testing on special localized
corrosion devices, either after 26 weeks or after 52 weeks implantation time, the tests
showed pitting corrosion on the AISI 304L, crevice corrosion on the ASTM F138 austentic
SS, but no corrosion at all on the 25Cr-7Ni-4Mo-0.28N DSS [28].

Cigada et al. [28] subsequently carried out a preliminary clinical investigation based
on these in vivo results on animals. As a typical application, the osteosynthesis of the lateral
fracture of the femoral neck with the insertion of two or more Ender-type endomedullary
nails was selected. Some patients were implanted with 4.5 mm diameter nails, fabricated
with cold-worked 25Cr-7Ni-4Mo-0.28N DSS and ASTM F138 steel, for a period of six
months. After the fracture had successfully healed, the Ender nails were withdrawn. A
substantial portion of implanted traditional Ender nails manufactured from ASTM F138
steel exhibits severe crevice corrosion which originated from the contact zone between the
nails. On the other hand, when 25Cr-7Ni-4Mo-0.28N DSS was utilized, the fretting was
minimal and the crevice corrosion was non-existent [28].

Furthermore, cylindrical pins (2 mm diameter and 6 mm length) of the these two latter
materials were implanted in the femurs of rabbits by Cigada et al. [33]. In addition, a device
was designed to test the in vivo resistance to the localized corrosion of ASTM F138 and
25Cr-7Ni-4Mo-0.28N DSS. This device comprised two metallic disks sandwiched between
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two PTFE disks. This anti-corrosion device was implanted in the trochanteric region of
the femurs. After 12 months, trabecular bone completely surrounded the pins, showing a
close contact between the metal and bone and the presence of many vascular cavities in the
bone at the metal interface (Figure 8A). No significant differences were observed in bone
regrowth and vascularization of the two steels (ASTM F138 and 25Cr-7Ni-4Mo-0.28N DSS).
The analyses performed close to the duplex pins detected only Ca and P, whereas small
amounts of Fe and Cr were found near the austenitic pins. Additionally, pitting corrosion
was identified on the AISI 304 austenitic SS, crevice corrosion was detected on the ASTM
F138 austenitic SS, and no corrosion at all was observed on the 25Cr-7Ni-4Mo-0.3N DSS.
The main corrosion attacks occurred at the metal /PTFE interfaces [33].

Figure 8. Micrographs of (A) femur cross sections containing the 25Cr-7Ni-4Mo-0.28N DSS cylindrical
pin 12 months after the implantation, and (B) rabbit liver after the induction of interstitial hyperther-
mia (7 days) using a 16.5Cr-9.5Ni-5.3Nb-4Cu-3.2Co DSS thermoseed. The area of coagulation necrosis
of about 4 mm in diameter is indicated by arrows. The figures were adapted from [28] and [34],
respectively.

In conclusion, the in vivo results demonstrated that the 25Cr-7Ni-4Mo-O.3N duplex
stainless steel is not susceptible to crevice corrosion in the human body, at least under static
conditions, and that it can be considered a good biocompatible material.

However, DSS (16.5Cr-9.5Ni-5.3Nb-4Cu-3.2Co wt.%) was also used to induce hyper-
thermia in rabbit liver for the treatment of cancer, as it produces temperature-dependent
heat in the presence of an external magnetic field. By heating a DSS thermoseed with an
external magnetic induction field, Park et al. [34] induced localized interstitial hyperthermia
without connecting the thermoseed to a power source. Metal thermoseeds generate heat
through eddy current loss, and nearby tissues are heated by thermal conduction. Ther-
moseed in the form of a 0.23 mm diameter wire (either L-shaped 4 cm long, or I-shaped,
2.5 cm long) was inserted in the liver of New Zealand white rabbits. To generate interstitial
hyperthermia, the rabbit was placed in the center of an induction coil for 30 min while
5.4 kW of power was supplied to the induced magnetic field. Coagulation necrosis occurred
around the insertion site to a variable extent, but was most severe at the central portion
(Figure 8B). According to Park et al. [34], this relatively small extent of coagulation necrosis
can be increased by (i) increasing the radius of the thermoseed; (ii) employing multiple ther-
moseeds simultaneously in a square grid pattern; (iii) extending heating time; (iv) utilizing
a stronger magnetic induction field, or (v) using thermoseeds with a higher Curie point. In
conclusion, the newly designed thermoseeds in the DSS exhibited acceptable temperature
and temperature-dependent heating properties, inducing coagulation necrosis in rabbit
liver. Thus, it can be concluded that duplex stainless steel is a novel material suitable for
the manufacturing of thermoseed for inducing interstitial hyperthermia.
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3. Laser Powder Bed Fusion (LPBF) of DSS

In recent years, a growing number of studies have focused on the design and modifi-
cation of alloy powders for additive manufacturing (AM) via the in situ alloying of powder
mixes in order to produce the desired microstructures and properties. In addition, the effect
of AM processing parameters and post-treatments on the microstructural development
(namely the two-phase ratio and precipitates), mechanical characteristics, and corrosion
resistance have been studied extensively in the literature [8].

3.1. Relative Density and Defects

The lack of fusion and residual porosity are typical flaws in DSS produced by additive
manufacturing that must be avoided, given their detrimental influence on the mechan-
ical behavior. As can be seen in Figure 9A,B, the lack of fusion results in uneven voids
between scan tracks and layers, which is the effect of inadequate heat input causing
incomplete fusion. [35]. This flaw may be removed by increasing the laser energy in-
put [36]. Davidson et al. [36] investigated the influence of volumetric energy density (VED)
on formation quality 2507 DSS [36]. The volumetric energy density (J/mm?), VED, is a
synthetic index for describing the physical meaning of the L-PBF process [37]:

p

VED = o 1)
where P is the laser power (W), v is the scan speed (mm/s), & is the hatch distance (mm),
and t is the layer thickness (mm). There are two major types of pores (and related for-
mation mechanisms) in metal additive manufacturing: metallurgical pores and keyhole
pores [38,39]. Most of the metallurgical pores in L-PBF are caused by unfused powder
particles (Figure 9A) or trapped shielding gas (Figure 9B), the latter giving rise to perfectly
spherical pores (Figure 9B) [40,41].

VED = 77.7 J/mm’® VED = 105.9 J/mm?

Figure 9. The effect of L-PBF processing conditions on DSS: (A,B) Pore morphology on a 2507 alloy at
different VED. Figures adapted with permission from [8]. Copyright (2022), Elsevier; and (C) Relative
density of a 2205 alloy by varying scan speed and laser power. Figure adapted with permission
from [42]. Copyright (2021), Elsevier.
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A similar result was found for 2205 DSS by Nigon et al. [42]. The highest relative
density (98.6%) was obtained with 187 W of laser power and 800 mm/s of scanning
speed (VED = 156 J/mm?), as shown in Figure 9C. In terms of process optimization,
insufficient energy input leads to a lack of fusion, while excessive energy input results in
keyhole porosity; high densification can only be achieved using an adequate level of energy
input (Figure 9C). Under inadequate energy input during the L-PBF process, keyholes are
repeatedly generated and collapsed, leaving blowholes containing metal vapor or shielding
gas within the deposited metal. The size and shape of keyhole pores are mainly driven
by the L-PBF printing conditions. If pores form on the surface, they become the natural
beginning sites for pit corrosion, hence reducing the corrosion resistance [8].

In addition to a precise control of the VED (laser power of 250 W), Papula et al. [43]
achieved 2205 DSS samples with a full density by adjusting the scanning strategy with
66° rotation between layers [43]. The density was 99.97% based on the applied process
parameters and the 66° rotation in the scanning direction between consecutive layers
(Figure 10A). Lower density (99.01%) and much bigger pores were seen in the non-rotated
scanning strategy sample (Figure 10B).

100 pm 100 pm

Figure 10. Optical micrographs of (A) 2205 DSS as-built sample treated with 66° rotation in the
direction of scanning, and (B) an as-built sample processed without rotation in the direction of
scanning between the layers. The figures are adapted from [43].

To enhance the relative density, experimental studies have also focused on the heat
treatments applied to L-PBF DSS (Fe-22Cr-5Ni-0.26N). Hongliang Xiang et al. [44] inves-
tigated L-PBF high-density specimens subjected to solution treatments at three different
temperatures (1000, 1100 and 1200 °C) for a dwell time of 1 h. Few residual micropores
can be seen in the macrostructure of the as-built specimen (Figure 11A). Following so-
lution treatment, the specimens’ relative densities increased by between 0.2% and 0.4%.
(Figure 11B). Hence, solution treatment can enhance the relative density of the samples.
Austenite has a denser atomic structure than ferrite, and therefore increasing the quantity
of the austenitic phase might improve the specimen’s density [45]. Therefore, the solution
treatment enhanced the austenite concentration and, as a result, the relative density of the
DSS specimens manufactured by L-PBF [8,33—44].

Arumughan Akilan et al. [46] took advantage of hot isostatic pressing (HIP) to improve
the density of L-PBF 25Cr7Ni DSS samples, hence enhancing the performance of the
components [46]. The relative density of the as-printed samples increased following HIP
treatment at HIP1000 and HIP1170, respectively (Figure 12). Figure 12A depicts a polished
optical micrograph of the as-printed L-PBF sample along the build direction ZX, which
mostly reveals irregular voids caused by unmelted powders. The micrographs highlighted
the lack of fusion defects and revealed large irregular voids that span across multiple layers
(Figure 12A). As a result of the HIP treatment, the total porosity of as-printed samples
decreased from over 5.4% to less than 0.1% (Figure 12B,C) [46].
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Figure 11. Heat treatment effects on DSS samples manufactured by L-PBF: (A) Optical macrostructure
of an as-built sample; and (B) the relationship between solution treatment and relative density [44].
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Figure 12. Optical micrograph of 25Cr7Ni DSS produced by L-PBF: (A) as-printed sample along the
build direction ZX, (B,C) as-printed samples after HIP treatment at HIP1go9 and HIP117¢, respectively.
The figures are adapted from [46].

3.2. Microstructure Evolution

Given the typical cooling rates of the L-PBF technology, which are in the range of
10° K /s and 10° K/s [35], the fabrication of DSS components can lead to a variety of mi-
crostructures and, most importantly, to peculiar ratios of austenite and ferrite in duplex
stainless steels. The components of the as-deposited standard (UN 532205) and super (UNS
532505) DSS alloys exhibit ferritic microstructures with primary austenite grain boundaries
and very little intragranular austenite at these cooling rates [27,39,47]. The grain size value
of the L-PBF components is mostly governed by the cooling rate during the solidification
phase. As reported by Murkute et al. [48], the average grain size decreased from 110 to
20 um? when the scan speed was increased from 100 to 1000 mm/s during the L-PBF
of DSS 2507 [48]. A high cooling rate refines grains, thus improving both strength and
ductility, while having a considerable impact on corrosion resistance at the same time [49].
As the ferrite phase arises immediately during solidification, its grain morphology (M) is
dictated by the ratio of the temperature gradient (G) and solidification rate (R) at the front of
solidification (M = G/R). Columnar grains have a high G/R ratio, whereas equiaxed grains
have a low G/R ratio [8,50,51]. In general, the primary ferrite in DSS exhibits a columnar
morphology. After solidification, the ferrite converts into austenite via solid transformation.
The addition of post-process isothermal heat treatments increases the austenite fractions, re-
sulting in a more balanced ferrite /austenite microstructure. The super duplex stainless steel
2507 was printed by Davidson et al. [36] using fixed process parameters, except for the laser
power. Because of the high cooling rates, instead of an austenitic-ferritic microstructure, a
pure ferritic microstructure was found after the L-PBF procedure. Following complete solu-
tion annealing, the balanced inner microstructure (45% austenite) was recovered; however,
the austenite phase showed a “needle-like” morphology [36]. In a further experimental
study, Davidson et al. [41] performed a matrix of laser power and laser volumetric energy
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densities (VED) to clarify the process-microstructure relationship of 2507 DSS manufactured
by L-PBE. The L-PBF process distorts the equilibrium and resulting duplex stainless steels
with a primarily ferritic microstructure [26]; this factor is essential for the creation of soft
magnetic materials, as well as mechanical strength and chemical resistance. Specifically,
as visible from Figure 134, the microstructures of L-PBF DSS samples show the austenite
phase as dark lines along grain boundaries, and as Widmanstétten needles inside the ferrite
matrix, whereas the dark area represents a lack of fusion (Figure 13A). Additionally, the
average values of the ferrite content decrease with the increase in the volumetric energy
density value [26], as shown in Figure 13B. The maximum ferrite content of 73% observed
at 50 J/mm? is comparable with the average ferrite content of 75-78% reported by Saeidi
et al. for SAF 2507 DSS L-PBF using the following process parameters: a laser power of
190 W, a scan speed of 750 mm/s, and a hatch distance of 0.1 mm [52]. Thus, it is evident
that the DSS produced by L-PBF has an average ferrite content of about 70%, which is
characteristic of the rapid cooling rates impairing the austenite growth [26].

0% T B = Average (%)

Lack of fusion
defact

Ferrite Content (%)

49.4 56.4 63.4 0.5 76 846 2.7 8.7 105.8 128

VED (J/mm?)

Figure 13. L-PBF DSS microstructure analysis: (A) Optical micrographic showing the austenite phase
(dark lines along grain boundaries and as Widmanstétten needles) in a ferrite matrix. The dark
area represents a lack of fusion; and (B) Diagram of ferrite content (%) versus VED. The figures are
adapted with permission from [26]. Copyright (2016), Springer Nature.

Hengsbach et al. [47] described the as-built state of UNS 531803 DSS processed by
L-PBF as a completely ferritic microstructure. The grain morphology, detected by the
electron backscattered diffraction (EBSD) maps reported in Figure 14A,B, is characterized
by elongated grains, which suggest an isotropic microstructure resulting in epitaxial grain
growth. The formation of austenite and other precipitations is completely suppressed in the
as-built state, due to process-related high cooling rates [47]. Heat treatments ranging from
900 °C to 1200 °C for 5 min to obtain the desired balanced austenitic-ferritic microstructure
(Figure 14C,D) were performed by Hengsbach et al. [47], and the results of transmission
electron microscopy (TEM) observations revealed that a high dislocation density is induced
by the L-PBF process (Figure 14E), while a recrystallized microstructure prevailed after the
heat treatment (Figure 14F).

The austenite volume fraction (Figure 15) reaches the maximum content (34 vol%)
at an annealing temperature of 1000 °C, while the austenite volume steadily decreases
(24 vol%) by decreasing the annealing temperatures to 900 °C [47].

The work of Hengsbach et al. [47] demonstrated the effective fabrication of a duplex
stainless steel by laser powder bed fusion with a substantially balanced austenite-ferrite
arrangement. As high cooling rates inhibit austenite nucleation in the as-built condition, the
microstructure is nearly entirely ferritic. After heat-treating the specimens, a microstructure
composed of secondary austenite and delta ferrite recrystallizes in contrast to the as-built
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state. The occurring recrystallization can be elucidated by the high dislocation density
(lattice defect), induced during L-PBF processing [47].

| as-built

| [ heattreated | |  as-built |

ferrite: 99 %
[ austenite: 1%
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[112],
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] austenite: 24 %
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Figure 14. Microstructure analysis of UNS 531803 DSS processed by L-PBF: (A-D) EBSD inverse
pole figure and phase mappings of the same material. The microstructure is almost fully ferritic
in the as-produced state, with small austenite grains and chromium nitride precipitates along the
grain boundaries (A,B). A suitable heat treatment partially recovered the desired duplex austen-
ite/martensite microstructure (C-F) the TEM images of the as-produced state and in the heat-treated
state. The figures are adapted with permission from [53]. Copyright (2020), Elsevier.

40
351
30+
251
20+

151
101 G 31 34 27 26 26 21

austenite content, vol.-%

900 950 1000 1050 1100 1150 1200
annealing temperature, °C

Figure 15. Austenite phase content (vol%) quantified via EBSD phase mapping in annealed DSS by
L-PBF. Figure adapted with permission from [47]. Copyright (2017), Elsevier.
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In addition, Suvi Papula et al. [43] analysed the microstructure of L-PBF 2205 DSS in the
as-built and heat-treated (1000 °C/5 min, 1050 °C/5 min and 1000 °C/60 min) conditions,
through EBSD inverse pole figures (Figure 16A,C,E,G) and phase maps (Figure 16B,D,EH) [43].
Figure 16A,B depicts the construction-aligned columnar grain morphology of the as-built
samples. The AM-processed samples exhibit epitaxial growth as a result of the distribu-
tion of columnar grains into successive layers. The as-built 2205 DSS showed a 100 vol%
ferritic solidification microstructure due to the fast cooling rates, while the nucleation
and recrystallization of the austenite was primarily driven by the high dislocation den-
sity of as-fabricated DSS specimens was detected after the heat treatments [43]. Around
forty percent of the austenite is formed at annealing temperatures between 950 °C and
1150 °C (Figure 16), with the highest austenite concentration recorded between 1000 °C and
1050 °C [43]. Suvi Papula et al. [43] concluded that the as-built specimen has a high yield
and tensile strength, but a lower ductility. Due to the microstructure’s tiny phase size [54],
the tensile and yield strength values of heat-treated DSS specimens are much greater.

Nigon et al. [42] compared 2205 DSS parts built via L-PBF in as-built and annealed
states. Figure 17 depicts the recovery of the DSS microstructure by solution annealing at
1100 °C for one hour in air, followed by water quenching. The EBSD results reported in
Figure 17 show a small austenite content in the as-built condition, but this result is still
unclear, since it can be that the 0.7% residual austenite is a consequence of recrystallized
austenite during the melting process or from measurement noise [42].

Hongliang Xiang et al. [44] analysed the effect of a solution treatment on the mi-
crostructure of L-PBF Fe-22Cr-5Ni-0.26N DSS. The as-built sample shows a 100% ferritic
structure (Figure 18A), while after the application of solution treatments for 1 h at 1000,
1100, and 1200 °C, the austenite content decreases from 60.3 to 56.6% (Figure 18B-D). This
suggests that the fractions of ferrite and austenite are highly dependent on the temperature
of the solution treatment, with an increase in temperature resulting in a drop in the fraction
of the austenite phase. The solution treatment can recover the two-phase structure, refine
the grain size, weaken the texture, and decrease the dislocation content, thereby lowering
the system’s free energy and enhancing the microstructural stability [44].

In addition to the matrix phases of austenite and ferrite, secondary phases such
as intermetallic compounds (o and ¥), nitrides (CrN and Cr2N), secondary austenite
(v2), and carbides [55,56] may also form depending on the heat cycles performed and
the remelting performed by the laser source during the L-PBF additive manufacturing
processes. The formation of the o phase mostly results from the eutectoid transition of
ferrite (0 — o +v2), and takes place between 600 and 1000 °C. The brittle o phase is rich in
Fe, Cr, and Mo, and often precipitates along the ferrite/austenite (5/v) phase boundary, or
at triple junctions. Nevertheless, the formation of the o phase during the L-PBF process
has been seldom seen due to the high cooling rate, which limits its formation [57]. The
presence of the o phase lowered the toughness and ductility of the DSS but enhanced its
tensile strength [58]. Davidson et al. [41] detected chromium nitrides (CrN) with spherical
and acicular morphologies when processing 2507 DSS by L-PBF [41]. The nitrides cause the
degradation of DSS’s toughness and corrosion resistance [59]. By increasing the amount of
austenite by the application of N; shielding gas or a solution heat treatment, more nitrogen
is dissolved in the matrix, hence preventing the precipitation of nitrides [8].

In Table 3, the microstructural properties of DSS produced by the L-PBF technology
are summarized.
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Figure 16. EBSD inverse pole figures (A,C,E,G) and phase maps (B,D,F,H) of the as-built specimen
with 66° scanning rotation (A,B) and the heat treated specimen at 1000 °C/5 min (C,D), 1050 °C/5 min
(E,F), and 1000 °C/60 min (G,H). The figures are adapted from [43].
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Figure 17. EBSD phase map for DSS 2205 processed by L-PBF in as-built and annealed conditions.
Figure adapted with permission from [42]. Copyright (2021), Elsevier.
Table 3. Processing conditions and microstructural characteristics of DSS manufactured by L-PBE.
Microstructure
3 Austenite Ferrite
DSS Reference VED (J/mm?3) Sample Secondary
Percentage Percentage Phases
(vol%) (vol%)
as built 1 99
HT 900 °C 24 76 -
2205 [47] 59 HT 1000 °C 34 66 Nitrides, y2
HT 1200 °C 21 79
as built 0.7 99.3
2205 [42] 156 HT 1100 °C 483 07 a
2507 [52] 127 as built 22 +25 75/78 Nitrides
2507 [41] 91.7-141 as built 312 68.8 Nitrides
84.6 . 32.89 67.11
2507 [26] 112.8 as built 83 917 —
2507 [60] 133 HT 1200 °C 71 13 o
2507 [48] 1333.33-133.33  asbuilt 1.1-10.7 88.9-98.7 —
HT 950 °C/5 min 40 60
HT 1000 °C/5min 43 57
2205 [43] a HT 1050 °C/5min 43 57 a
HT 1100 °C/5min 43 57
as built 0.02 99.8
Fe-22Cr-5Ni- [44] 79 HT 1000 °C 60.3 39.7 B
0.26N HT 1100 °C, HT 57.6 424
1200 °C 56.6 434
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Figure 18. EBSD phase maps of the specimens: (A) As-built, (B) Heat-treated at 1000 °C for 1 h,
(C) Heat-treated at 1100 °C for 1 h, and (D) Heat-treated at 1200 °C for 1 h. The green region
represents the ferrite phase, the red area represents the austenite phase, and the white area indicates
the area with no resolution. The figures were adapted from [44].

3.3. Evolution of Mechanical Properties

The microstructural arrangement and surface quality have a large impact on the
mechanical characteristics of DSS components manufactured using L-PBF. Specifically,
hardness and tensile strength are influenced by grain size, while the ductility and toughness
are affected by the presence of tiny defects and by the limited austenite content [8]. Studies
that focused on the mechanical properties of L-PBF DSS samples (hardness, tensile and
fatigue tests) often reported also experimental results of forged DSS alloy with similar
chemical compositions, for comparison.

3.3.1. Hardness

The hardness of DSS parts varies depending on the considered chemical composition
and on the L-PBF processing conditions. The hardness of austenite and ferrite rises with
the number of their dissolved alloying elements [61]. The diffusion of alloying elements is
temperature- and cooling rate- dependent, leading to a redistribution of the chemical com-
position, microstructure, and, therefore, hardness. In particular, the main microstructural
features influencing hardness are the following: (i) a two-phase ratio; (ii) the precipitation
of secondary brittle phases and the formation of nitrides, which generally increases the
hardness; and (iii) grain size, which partially explains the difference in hardness among
various AM processing conditions [41]. The heat treatment has a substantial effect on
the distribution of alloying elements, the two-phase ratio, and the secondary phases, and
consequently has a significant impact on the hardness of samples fabricated by various AM
techniques [8,43].

Nigon et al. [42] quantified the average hardness of 2205 DSS as 420 HV for the as-built
samples of L-PBF, whereas the hardness of wrought 2205 DSS was 270 HV. After a solution
heat treatment at 1100°C for 1 h, microhardness decreased to 260 HV [42]. Similarly,
Davidson et al. [41] obtained a hardness value of 410 HV for L-PBF 2507 DSS speciments,
resulting in an HV that was 125 HV higher than the wrought condition due to the particular
microstructure and the presence of nitrides [41]. Suvi Papula et al. [43] observed that in
the as-built condition, the microhardness of L-PBF 2205 DSS was higher than heat-treated
and cold-rolled DSS with a similar chemical composition (Table 4). Following different
heat treatments, the microhardness decreased, but its value was still higher than that of
cold-rolled samples [43].
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Table 4. Microhardness (HV) measurements of the L-PBF 2205 DSS as-built and after different
annealing treatments. The cold-rolled 2205 alloy microhardness value is included for comparison.
The table is adapted from [43]. The data are presented as mean value + standard deviation.

Annealed Annealed Annealed Annealed Annealed Annealed Cold-Rolled

Sample As Built 950/5 1000/5 1050/5 1100/5 1000/60 1050/60 2205 DSS

Hardness

(HV) 336.6 = 6.4 2799 £10.3 279.8 £11.2 270.5 £ 8.8 2552 £ 4.2 262.6 £ 9.6 265.0 £ 8.5 2470+ 1.5

Hongliang Xiang et al. [44] investigated the effect of different solution temperatures
(1000 °C, 1100 °C, and 1200 °C) on the evolution of the phase and microstructure, and
consequently on the mechanical properties of L-PBF Fe-22Cr-5Ni-0.26N DSS. The results,
in terms of microhardness values, revealed that the hardness of the as built L-PBF sample
reached the highest HV value. After the solution treatment, the hardness declined by
raising the temperature, even if the HV values were all higher than those of the forged
samples (Figure 19) [44].
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Figure 19. Hardness measurements of as-built, solution-treated, and forged samples. The figure is
adapted from [44]. The online version of this article should be consulted for an explanation of the
colour references in this graphic.

3.3.2. Tensile Properties

DSS typically has 1.5 times the tensile strength of austenitic SS [62]. The presence of
two phases hinders the growth of grains, whose size in austenitic SS can be significantly
larger than in DSS. This explains why DSS has higher strength and ductility than austenitic
SS. Due to the solution strengthening effect, the addition of alloying elements may also
boost the material’s strength [8,63]. Raising the percentage of ferrite enhances the material’s
strength, but reduces its ductility and toughness. The FCC structure of austenite allows
for greater plastic deformation tolerance and enhances the ductility of the duplex stainless
steel [64]. As a result of fine grains, excessive ferrite phase, nitride precipitation, and high
dislocation density, DSS samples produced by L-PBF have the highest tensile strength
compared to their wrought counterparts, at over 900 MPa, but the lowest elongation,
which is often at about 10% [52]. The precipitation of the o phase degrades the ductility
significantly [58]. Suvi Papula et al. [43] showed the results of tensile tests conducted on
DSS 2205 specimens produced by L-PBE compared with typical values of tensile properties
of the conventionally cold-rolled and annealed alloy (Table 5) [43]. The yield strength
(520-560 MPa) and tensile strength (810-870 MPa) of the L-PBF-processed and heat-treated
specimens were significantly greater than those of the conventionally-produced alloy with
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a similar chemical composition, but the uniform elongation was within a comparable range
(23-25%) [43].
Table 5. The tensile mechanical properties of as-built, heat-treated, and forged DSS. The table was
adapted from [43]. The data are presented as mean value + standard deviation.
Sample As-Built Annealed Annealed Annealed Annealed Annealed Annealed Ref. Alloy
p 950°/5 1000°/5 1050°/5 1100°/5 1000°/60 1050°/60 2205
Y‘elf‘hf[tlf:)“gth 9500 +£9.2 5608433  5490+49  5355+92  5240+28 5317425 5171429 450-500
Tensile
strength 1071.3 £ 6.9 868.7 £2.3 848.0 £ 1.0 836.7 £ 1.1 813.0 £ 0.6 8244 +18 812.1 £4.1 600-655
(MPa)
Uniform 70+13 229+ 04 239412 244 +1.1 241404 252+ 09 253+ 0.9 >25
elongation (%)
Elongationto ., 44 397 +16 458 +26 421435 39.7 + 34 434 +25 418+15 -

fracture (%)

Hongliang Xiang et al. [44] examined the effects of three solution temperatures
(1000 °C, 1100 °C, and 1200 °C) on the evolution of the phase and microstructure of
Fe22Cre5Ni-0.26N DSS manufactured by L-PBF in order to obtain exceptional strength-
plasticity matching. The outcomes were then utilized to explain the associated changes
in the mechanical characteristics of the specimens under tensile stress. According to the
results, the as-built specimen exhibited the highest ultimate tensile strength, yield strength,
and low elongation (Figure 20A). Due to the recovery of two-phase structures, the refining
of grains, and the elimination of dislocations and residual stresses through recrystallization,
the specimen subjected to a solution treatment at a temperature of 1000 °C exhibited a
remarkable strength-plasticity match and a significant increase in elongation. When the
temperature increased, the yield strength decreased, but elongation remained almost un-
changed. Figure 20B-D [44] illustrates that, with the exception of elongation, the tensile
and yield strengths of L-PBF specimens were greater than those of the forged specimens.
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Figure 20. Mechanical tensile test of L-PBF Fe22Cre5Ni-0.26N DSS: (A) Stress-strain curves of the
specimens; and (B-D) Experimental values of ultimate tensile strength (UTS), yield strength at 0.2%
of strain (0.2% YS), and strain, respectively. The figures were adapted from [44]. The online version
of this article should be consulted for an explanation of the colour references in this graphic.
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Hengsbach et al. [47] conducted a mechanical characterization of UNS 531803 (2205 al-
loy) processed by L-PB,F on as-built and heat-treated specimens, revealing that the almost
fully ferritic as-built specimens have a higher ultimate tensile strength and less elongation
at fracture then the heat-treated samples (Figure 21). As a result of the recrystallized
austenitic-ferritic microstructure, the mechanical properties of the heat-treated samples
contrast with those of the as-built state, as they exhibit a high degree of ductility (Figure 21)
due to the reduced dislocation density and the dissolution of Cr2N, in addition to the
phase change.
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Figure 21. Tensile stress-strain curves for S31803 DSS (2205 alloy) produced by L-PBF in the as-built and
annealed conditions. The figure was adapted with permission from [47]. Copyright (2017), Elsevier.

In terms of high ultimate strength and low ductility, Saedi et al. [52] obtained identical
outcomes for a super DSS in its as-built state. This material’s behavior can be related to the
high dislocation density and the presence of nitrides, which inhibit dislocation movement
and, as a result, strengthen the material. Following annealing, the fully recrystallized
specimens attain a tensile strength of between 720 and 770 MPa. Considering elongation
at fracture, annealing at 1000 °C is the most advantageous heat treatment, exhibiting
approximately 28% elongation; this condition also displays the largest austenite volume
fraction. Additionally, differing annealing temperatures have a significant effect on the
elongation at fracture. At lower annealing temperatures, it is believed that sigma-phase
and nitride precipitation are primarily responsible for the reduced elongation at fracture.
In addition, there is less austenite found in the 900 °C condition. At higher annealing
temperatures, such as 1200 °C, the mainly lower proportion of austenite content causes a
decrease in fracture elongation. This analysis revealed that the condition with the highest
austenite content had the most desired mechanical characteristics [47]. Nigon et al. [42]
investigated the effect of annealing on the L-PBF 2205 DSS. The as-built samples were hard
and brittle. The heat treatment restored ductility, although the material’s characteristics
were still inferior to the wrought sample, as reported in Table 6.

Table 6. The outcomes of mechanical property tests on DSS 2205 fabricated by L-PBF at 187 W and
800 mm/s [42].

Sample Yield Strength Tensile Strength Elongation
P (MPa) (MPa) (%)
As-built 826 £ 32 872 £33 11+£2
Heat treated 465 £ 3 622+ 19 213+ 14
Wrought
(ASTM A790) 655 (448) 882 (621-1103) 25 (25)

The mechanical properties of the DSS component produced by L-PBF, such as micro-
hardness, tensile yield, tensile strength, and elongation, were significantly influenced by
the ratio of ferrite/austenite, the precipitation of secondary brittle phases, the formation
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of nitrides, and grain size. The as-built samples typically show the highest values of me-
chanical properties (i.e., tensile) and microhardness. On the other hand, heat treatments
are useful in improving the elongation of the as-built samples, although the final values
are still lower than for that of the wrought counterpart. For the sake of comparison, a
comprehensive summary of the mechanical properties of DSS fabricated by L-PBF from
the literature is reported in Table 7, together with the experimental results of the same DSS
alloy produced by forging.

Table 7. A summary of the mechanical properties of DSS fabricated by the L-PBF technique collected
from the literature. The experimental results of the same DSS alloys produced by forging are reported
for the sake of comparison.
Hardness Yield Strength Tensile Elongation
DSS Reference  VED (J/mm?®) Sample & Strength o &
HV) (MPa) (%)
(MPa)
as built 12
HT 900 °C 940
2205 [47] 59 HT 1000 °C - - 720 = 760 fg(g?c)
HT 1200 °C
wrought 267 655 882 25
2205 [42] 156 as built 419 826 872 11
HT 1100 °C 258 465 622 21.3
2507 [52] 127 as built 450 1214 1321 >45
. 408.4
2507 [41] 91.7-141 as built 917 ]/mm?) - -
447.8 (VED =
2507 [26] 84.6-112.8 as built 4947/mm3) +  — - -
decreasing
2507 [60] 133 HT 1200 °C 400 686 920 1.8
ref. 2205 (from DSS 450 = 500 600 = 655 25
producer) 950 1071.3 7
as built 560.8 868.7 229
2205 [43] — HT 950 °C/5 min — : : :
. 549 848 23.9
HT 1000 °C/5 min
° . 535.5 836.7 24.4
HT 1050 °C/5 min 504 813 241
HT 1100 °C/5 min :
wrought 203.93 522.29 727.14 41.30
Fe-22Cr-5Ni- as built 417.13 1162.52 1368.67 497
092 N o [44] 79 HT 1000 °C 277.17 621.51 879.93 29.21
’ HT 1100 °C 262.63 578.64 847.09 28.43
HT 1200 °C 256.63 564.41 820.43 30.24

3.3.3. Fatigue Behaviour

General speaking, the mechanical properties, especially fatigue strength, of the fi-
nal component are negatively influenced by surface roughness and the formation of de-
fects such as residual porosity and the lack of fusion, which act as stress concentration
areas [65,060]. Kunz et al. [67] investigated the effect of hot isostatic pressing (HIP) post-
treatment on the fatigue behavior of standard DSS 2205 and super DSS 2207 fabricated
by LPBE. Compared to sand-cast samples, the fatigue strength of as-built DSS 2205 was
significantly lower at 203 MPa than at 367 MPa. Due to the attachment of powder particles,
the formation of a porosity defect, and the anisotropic microstructure, the lower fatigue
strength can be explained by the high surface roughness. In addition, the austenite phase
exhibited a greater plastic deformation capacity than ferrite, thereby absorbing energy and
reducing notch sensitivity. The microstructure of the LPBF specimens was entirely ferritic,
resulting in a high resistance to notch sensitivity. In order to enhance the fatigue properties
of LPBF samples, surface modification, post-heat treatment, and HIP were employed. The
solution treatment increased the fatigue strength from 203 to 372 MPa by eliminating the
predominant ferritic structure. The solution treatment enhanced the fatigue strength from
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203 MPa to 372 MPa through the elimination of the predominant ferritic structure. Due
to the considerable reduction in porosity brought about by HIP, the fatigue strength was
raised to 470 MPa [67].

3.4. Corrosion Resistance

The corrosion resistance of AM DSS is typically equivalent to or lower than that of
traditionally fabricated counterparts, and the as-built condition is vulnerable to pitting in
comparison to the annealed condition [8,43]. The corrosion resistance of DSS was degraded
by the loss of alloy elements, porosity, surface roughness, residual tensile stress, secondary
phases (particularly the o phase), and an imbalanced two-phase ratio during additive
manufacturing. Post-heat treatment, surface modification, and HIP can be used to efficiently
recover DSS’s resistance to pitting. However, it is worth noting that the relationship between
the corrosion resistance of DSS produced by L-PBF and the microstructure properties is
still being considered by the scientific community [8,68].

Nigon et al. [42] analyzed the influence of building orientation and heat treatment on
the corrosion resistance of L-PBF 2205 DSS. There was no stable pit development; however,
metastable pitting was detected on all samples, with the exception of the as-built parallel
samples. The remaining porosity and/or chemical inhomogeneity were likely responsible
for the metastable pitting. Despite significant textural and microstructural changes across
samples at different building orientations and heat treatments, the evaluated pitting corro-
sion resistance was similar for all of the L-PBF samples, and was comparable to the DSS
2205 wrought samples. This suggests that the bulk chemical composition was the dominant
element with regard to pitting corrosion resistance [42]. Suvi Papula et al. [43] focused
their investigation on L-PBF of DSS 2205 in its as-built condition, and after undergoing
several post-processing heat treatments. Figure 22 illustrates the corrosion test results. The
marked hysteresis was found when the polarization direction was reversed, and the return
polarization curve followed an active path. Owing to material porosity, the re-passivation
potential of as-built L-PBF DSS was lowered (Figure 22). The pitting corrosion resistance
of L-PBF samples rose substantially as a result of successive heat treatments. In chloride-
rich environments, the corrosion resistance of DSS exceeds that of ferritic and austenitic
single-phase SS [43].

1
2205 Duplex Stainless Steel
0.8 4 Reference material
: — As built L-PBF
—— Heat treated L-PBF
s Sweep rate 1 mV/s
)
O 0.5
7]
202
w
0.0
-0.2 t

10-? 10-8 107 10-% 10-5 104 10-3
i (Afem?)

Figure 22. Cyclic potentiodynamic polarization curves of L-PBF 2205 DSS in as-built, cold-rolled
and annealed conditions, using a neutral 0.6 M NaCl solution as a post-heat treatment at room
temperature. The direction of polarization is represented by the arrows. The figure is adapted
from [43].
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In addition to the standard 2205 DSS, the corrosion resistance of super DSS fabricated
by L-PBF is extensively documented. Murkute et al. [48] determined that when the scan
speed increased from 100 to 1000 mm /s, the corrosion resistance of the deposited super
DSS 2507 layers decreased. A low scan speed (100 mm/s) exhibited a corrosion resistance
similar to that of rolled and annealed super DSS [48]. The corrosion rates of the solution-
treated samples were much lower than those of the as-built samples. For as-built samples,
the residual tensile stress led to a high corrosion rate. The residual stress was removed, and
the corrosion resistance was restored by heat treatment [48]. Shang et al. [69] discovered
that the correct solution treatment raised the content of austenite from 0.2% to 40.5% and
significantly enhanced the pitting corrosion resistance [69]. Jiang et al. [70] also evaluated
the effect of chemical compositions and solution treatment on the corrosion resistance of
L-PBF samples. The findings of cyclic potentiodynamic polarization demonstrated that, at
room temperature, both as-built and solution-treated samples exhibited the same response
as their wrought counterparts. [70]. The optimal ferrite to austenite ratio for DSS corrosion
resistance is approximately 1 [43].

3.5. Magnetic Properties

The high ferrite fraction of AM-produced DSS leads to markedly different magnetic
properties of L-PBF samples from the conventionally produced ones. The saturation mag-
netization and the coercivity in 2507 DSS processed with L-PBF are both much higher than
in its conventionally produced counterpart, apart from anisotropic hysteresis results [26].
In particular, the average saturation magnetism (Ms) of L-PBF DSS is around 110 Am? /kg,
which is more than double the maximum saturation level achievable with the correspond-
ing wrought material (Figure 23A). L-PBF samples display robust soft magnetic properties
with an average coercivity (Hc) of 1.81 mT (Figure 23B). The grain anisotropy of L-PBF
DSS results in directional specific saturation magnetism and coercivity responses [26]. In
addition, the AM-typical strong fibre texture induces a significant anisotropy in the soft
magnetic characteristics [53].

— Average Ms 28 B
= = . Linear (SLM) 26

— Average He

Linear (SLM)

He (mT)
\
\

w3 716 BA6 917 987 1058 1128 Wrought 494 64 634 TOS 776 M6 917 ST 10585 1128 Wrought

VED (J/mm?) VED (J/mm?*)

Figure 23. Magnetic properties of 2507 DSS processed by L-PBF samples: (A) Saturation magnetism
results; and (B) Coercivity results. Ms-saturation magnetism; Hc-coercivity. Figures adapted with
permission from [26]. Copyright (2016), Springer Nature.

4. Conclusions

The present paper addressed the topic of duplex stainless steels (DSS) processed by
laser powder bed fusion (L-PBF) additive manufacturing technology. This process enables
the fabrication of complex geometries and highly customized parts (i.e., patient-specific
devices) with fine details. These peculiarities make L-PBF the most suitable metal AM



Metals 2023, 13, 949

27 of 30

References

technology for biomedical applications. DSS has been considered as a good candidate
for these applications in the past, with a slow but relentless decrease from year to year
of its inclusion in trials and experimental studies for the fabrication of medical devices.
The reason for this decline has to be found in the fact that fabrication technologies have a
remarkable impact on defining the final properties of any alloy, and this is also true for DSS,
whose magnetic and corrosion behavior (in particular) are determined by the microstructure
and phase composition. With the development and optimization of advanced processing
technologies based on a layer-upon-layer fabrication and characterized by solidification
rates as high as 10° K/s, the results reported in the present paper highlight that a new era
of duplex stainless steels produced by L-PBF technology has already begun. The literature
shows that by tuning the process parameters and the post-processing heat treatments, it is
possible not only to control the final microstructure, but to tailor the behaviour of the DSS
for the final application, enhancing its already-assessed potential as a metallic material for
biomedical applications.
The main conclusions based on literature can be listed as follows:

- Residual porosity and lack of fusion of the L-PBF processed duplex stainless steels
(DSS) are controlled by the volumetric energy density (VED), in order to obtain full
dense components;

- The arrangement of the austenite-ferrite phases is balanced upon the subsequent
heat-treatment of as-built samples;

- The hardness and tensile strength of L-PBF DSS exceeds that of conventionally pro-
duced steels, also showing superior corrosion and magnetic properties.

This review work evidenced the suitability of laser powder bed fusion technology for
producing duplex stainless steel temporary implants for bone tissue regeneration. Process-
ing parameter optimization and post-production heat treatments allow for the designing of
the microstructure and for controlling the defects of the fabricated DSS, improving its me-
chanical properties, corrosion resistance, and magnetic behaviour with respect to the DSS
performances obtained using conventional production techniques. Moreover, L-PBF geo-
metric freedom and high dimensional accuracy introduce very important perspectives in
the fields of patient customized DSS implants for bone regeneration and tissue engineering.
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