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A Perspective on Powder Metallurgy and Additive
Manufacturing of High-Nitrogen Alloyed Stainless Steels

Louis Becker,* Felix Radtke, Jonathan Lentz, Simone Herzog, Christoph Broeckmann,

and Sebastian Weber

Incorporating nitrogen as an alloying element in stainless steels can significantly
enhance their mechanical and chemical properties. However, the limited solu-
bility of nitrogen, particularly in the liquid phase, presents challenges. This
perspective article explores an innovative powder metallurgical approach to
producing high-nitrogen steels (HNS) by utilizing a mixture of stainless steel and
Si3N4. This mixture undergoes hot isostatic pressing (HIP) followed by direct
quenching, facilitating diffusion alloying, and solution annealing in a single step.
The article also examines adapting this method to powder bed fusion of metals
using a laser beam (PBF-LB/M) to overcome nitrogen solubility limits, which
currently constrain the achievable nitrogen content in PBF-LB/M-manufactured
stainless steels. The approach aims to retain Si;N,4 particles within the matrix
during PBF-LB/M to enrich the steel with nitrogen during subsequent HIP.
However, laser interaction with Siz;N, can lead to nitrogen loss, prompting

an alternative strategy: a shell-core structure based on a gas-tight shell enclosing
loose Si;N, particles. These particles dissolve during HIP, enriching the matrix
with nitrogen and enabling the production of HNS. This article highlights

subsequent HIP-URQ redensification,”
which is funded by the German Research
Foundation within the framework of the
SPP 2122 called “Materials for Additive
Manufacturing (MATframe).” It is intended
to provide a comprehensive insight into the
results by placing already published results
in an overall context with results that have
not yet been published. The results and dis-
cussion of those investigations that have not
yet been published and are presented for the
first time in this article are preceded by a
brief motivation and an experimental sec-
tion. The motivation is embedded in the
overall context of the article.

1. Introduction

1.1. General Aspects About Stainless Steels

the potential for extending this approach to other stainless steel groups,

broadening the possibilities for HNS production through both conventional

HIP and PBF-LB/M manufacturing routes.

Preface

This article presents results from the project “Influence of an
Si3N, powder additive on the PBF-LB processability of stainless
steels and the microstructure development during PBF-LB and
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Stainless steels, characterized by their high
chromium content, are known for their
resistance to corrosion and oxidation in var-
ious environments. Originally developed
for cutlery and household applications,
stainless steels have become indispensable materials in indus-
tries as diverse as aerospace, marine, automotive, construction,
energy, and healthcare.' The corrosion resistance of stainless
steels is based on the formation of a Cr-rich oxide layer resulting
from the addition of at least 10.5 mass% chromium.’™! The
tightly adhering and dense passive layer, which is only a few
nanometers thick, inhibits the anodic metal dissolution of the
steel due to its low ionic conductivity and can heal local damage
under favorable environmental conditions (repassivation).”!
However, the presence of the passive layer entails the risk of
localized corrosion phenomena such as pitting corrosion, which
occurs due to either mechanical or chemical damage to the pas-
sive layer, resulting in the formation of holes or cavities that
propagate from the surface into the metal’s interior.>®! The resis-
tance of stainless steels to pitting corrosion is influenced by alloy
additions and can be evaluated by the pitting resistance equiva-
lent number (PREN), calculated according to Equation (1))

PREN = [%Cr] 4 3.3 [%Mo) + a [%N] (1)

where a ranges from 13 to 30. The measure of alloying for resis-
tance to corrosion (MARC) is an actualized formula that has been
extended to account for the negative effects of manganese
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and nickel on corrosion resistance while also accounting for a
previously reported effect of carbon that increases corrosion
resistance!”’

MARC = [%C1] + 3.3 [%Mo] + 20 [%C] + 20 [%N]

— 0.5 [%Mn] — 0.25 [%Ni] A
The elements from the two shown formulas provide a good
overview of the alloying elements found in stainless steels.
These elements not only influence the resistance to pitting,
but also significantly determine the phase constitution of a stain-
less steel. Nickel, manganese, carbon, and nitrogen are known to
stabilize the austenitic phase, that is, the face-centered-cubic (fcc)
lattice, while chromium and molybdenum lead to the stabiliza-
tion of the ferritic phase, which has a body-centered-cubic (bcc)
lattice.®®! Depending on their chemical composition and thus
the proportion of austenitic and ferritic stabilizing elements,
stainless steels can be divided into austenitic, ferritic, austenitic—
ferritic (duplex), and martensitic stainless steels.”!

1.2. Ferritic Stainless Steels

The basic alloy composition of ferritic stainless steels is based on
the FeCr system. X6Cr13 is the most economical variant, which
can be alloyed with increased chromium content, such as X6Cr17,
to improve corrosion resistance.l®! Other alloying elements com-
monly alloyed into ferritic steels include titanium, which is used
to bind carbon and increase resistance to intergranular corrosion;
molybdenum, which increases resistance to pitting; and niobium,
which is used either as a carbon binder or to increase strength
through the formation of Laves phase, particularly in high-
temperature applications.>® The bcc lattice of ferritic stainless
steels, due to its higher diffusion rates compared to the closely
packed fcc lattice, predisposes these steels to the formation of
coarse grains, which adversely affects ductility and transition tem-
perature."”) As a result, small amounts of austenite-stabilizing ele-
ments such as manganese and nickel can be alloyed to achieve a
fractional austenitic phase and mitigate grain growth during ther-
mal processing.”! An inherent advantage of the bcc lattice is its
reduced coefficient of thermal expansion compared to the fcc lat-
tice, resulting in superior thermal cycling performance.!'"!

1.3. Austenitic Stainless Steels

Austenitic stainless steels are primarily composed of the FeCrNi
system, with the addition of manganese and nitrogen to
strengthen the austenitic phase stability.’'?! The typical repre-
sentative, X6CrNi18-8 (DIN EN 1.4308, AISI 304) stainless steel,
which contains 18 mass% chromium and 8 mass% nickel, is
an example of the standard alloy in this category.*?! Enhanced
grades, such as X5CrNiMo17-12-2 (DIN EN 1.4401, AISI 316)
stainless steel, contain up to 3 mass% molybdenum to signifi-
cantly improve resistance to chloride-induced pitting and crevice
corrosion.” The austenitic structure is preferred for its high
toughness and ductility over a wide range of temperatures
due to its fcc lattice, which is inherently more ductile and capable
of significant work hardening compared to the bec lattice.**? In
addition to FeCrNi austenites, there are also FeCrMn austenites,
which contain elevated levels of nitrogen or a combination of

Adv. Eng. Mater. 2024, 2402033 2402033 (2 of 17)

www.aem-journal.com

nitrogen and carbon. These alloys not only exhibit higher
strength due to significant solid solution strengthening but also
serve as a more cost-effective alternative to FeCrNi austenites,
owing to their substantially reduced nickel content."**3!

The nonmagnetic nature of the austenitic phase and its ability
to maintain structural integrity at high temperatures are critical
for applications requiring robust mechanical properties and
resistance to thermal degradation. In addition, austenitic stain-
less steels are known for their good formability and weldability.
The addition of nitrogen not only further stabilizes the austenite,
but also increases mechanical strength and corrosion resistance
without compromising the formability of the steel.*'?!

1.4. Duplex Stainless Steels

Duplex stainless steels consist of a microstructure that combines
both austenitic and ferritic phases, typically in a 50/50 ratio,
although this can vary depending on the specific alloy composition.
These steels utilize the FeCrNi system, with chromium content
ranging from 18 to 28 mass% and nickel content ranging from
4.5 to 8 mass%. Additional alloying elements such as molybdenum
(up to 5 mass%) and nitrogen are incorporated to enhance proper-
ties. The presence of molybdenum significantly increases resistance
to chloride-induced pitting and crevice corrosion, while nitrogen
contributes to increased mechanical strength due to solid solution
strengthening and corrosion resistance, especially against local cor-
rosion types such as pitting and crevice corrosion.?*¢ Similar to
austenitic steels, there is ongoing research aimed at reducing or
eliminating the content of the cost-intensive element nickel in
duplex stainless steels. Kumar et al.'”) and Abdallah et al.'® have
developed various nickel lean or nickel-free duplex stainless steels,
which demonstrate promising corrosion properties.!'”®!

The duplex structure in general provides an advantageous
combination of properties derived from both the austenitic
and ferritic phases. The ferritic phase provides high strength
and resistance to stress corrosion cracking, particularly in chlo-
ride environments, while the austenitic phase contributes to
improved toughness and ductility. This hybrid structure results
in duplex stainless steels with higher strength and improved cor-
rosion resistance compared to conventional austenitic and fer-
ritic stainless steels, particularly in aggressive environments.”!

1.5. Martensitic Stainless Steels

Martensitic stainless steels are characterized by a higher carbon
content compared to the other types of stainless steels, typically
ranging from 0.1 to 1.2 mass%. This class of steels is primarily
based on the FeCrC system, with chromium contents typically
ranging from 12 to 18 mass%.'”! The addition of carbon ena-
bles austenitizing and facilitates the formation of a martensitic
crystal structure, whose formation involves a change from an
austenitic phase to a martensitic phase upon rapid cooling, such
as in water or oil. This process gives martensitic stainless steels a
body-centered-tetragonal structure, which is responsible for their
high strength. After quenching, these steels are typically tem-
pered, which reduces the brittleness introduced during quench-
ing and improves toughness.!

Martensitic stainless steels are ferromagnetic and have a good
combination of high strength, wear resistance, and moderate
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corrosion resistance. Their corrosion resistance is lower than that
of austenitic and duplex stainless steels due to the higher defect
density, the lower chromium content, and higher carbon content,
leading to high susceptibility for chromium-rich M,3C¢ forma-
tion and thus intergranular corrosion. To improve their proper-
ties, elements such as nickel, molybdenum, and vanadium can
be added to improve toughness (nickel), wear resistance (vana-
dium for the formation of VC carbides), and corrosion resistance
(molybdenum for better pitting resistance).”’!

2. Nitrogen in Stainless Steels

Located next to carbon in the periodic table, nitrogen has an
atomic diameter of 0.148 nm, which allows it to dissolve intersti-
tially in the iron lattice.*”) When nitrogen is present as an inter-
stitial solute, it contributes to an increase in mechanical strength
through solid solution strengthening. At the same time, as noted
above, nitrogen leads to an increase in resistance to pitting
corrosion.'” In addition, nitrogen serves to enhance the
close-range ordering of substitutionally dissolved elements such
as chromium, thereby mitigating the formation of chromium
clusters, which are considered precursors to M,3C4 carbide pre-
cipitation. Thus, nitrogen not only directly enhances corrosion
resistance by the increase of pitting resistance, but also indirectly
enhances the corrosion resistance of stainless steels by reducing
the propensity for chromium-rich precipitation. Besides, when
nitrogen interacts with chromium, it is predominantly precipitated
in M,N nitrides. This type of precipitation extracts less chromium
from the matrix compared to M,3Cg precipitation, thereby preserv-
ing the corrosion resistant properties of the steel.*'?)

Similar to carbon, nitrogen has limited solubility in iron lat-
tices, with the maximum solubility in ferrite (0.004 mass% at
about 900°C) being about 10 times lower than in austenite
(0.045 mass% also at about 900 °C) due to the larger octahedral
lattice vacancies in the austenitic fcc crystal*” Due to the low
solubility in ferrite, the positive influences of nitrogen for ferritic
stainless steels can hardly be utilized. For this reason, nitrogen is
specifically alloyed only in austenitic, martensitic, and ferritic—
austenitic (duplex) stainless steels. The content of interstitially
soluble nitrogen, i.e., nitrogen solubility, in these steels can be
adjusted by appropriate alloy design. Chromium, molybdenum,
manganese, niobium, vanadium, tungsten, and titanium
increase nitrogen solubility by reducing nitrogen activity,
although only chromium and manganese are effectively used
to increase solubility because the other elements tend to form
nitrides due to their high affinity for nitrogen.***

The increase in strength due to interstitially dissolved nitrogen
in austenitic steels follows the conventional strength—ductility
trade-off only up to a certain limit. Wang et al.*!) through tensile
testing of 316L(N) stainless steel with nitrogen contents varying
up to 0.34 mass%, observed that elongation did not significantly
decline beyond a specific nitrogen threshold (0.17 mass% in their
study). This phenomenon may be attributed to the influence of
nitrogen on the concentration of free electrons, as investigated by
Shanina et al.?? in CrMn austenites. Their findings indicated
that nitrogen increases the number of free electrons, thereby
enhancing the metallic bond character, which positively impacts
ductility. This effect is especially pronounced when nitrogen
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coexists with interstitially dissolved carbon, as seen in C+ N
CrMn austenitic steels.!'>?223]

Due to their high chromium content, duplex stainless steels
contain considerable nitrogen contents of up to 0.2-0.35 mass%,
which are mainly dissolved interstitially in the austenite in the
phase mixture of 50 vol% ferrite and 50 vol% austenite due to
the higher solubility in the austenitic fcc lattice. This partitioning
means that only the austenitic phase in duplex stainless steels
benefits from nitrogen alloying, which results in a good overall
property profile of high strength and higher corrosion resistance
already mentioned in Section 1.1

In martensitic stainless steels, nitrogen, like carbon, is soluble
during austenitizing and contributes to the subsequent forma-
tion of martensite upon quenching. This contribution is of
interest because the potential for hardness improvement by
increasing carbon content is limited by a corresponding increase
in the risk of M,3C¢ carbide precipitation, which increases the
propensity for intergranular corrosion. The alloying with nitro-
gen offers a strategic advantage, allowing an increase in hardness
while improving the corrosion resistance of the alloy, exceeding
that of FeCrC martensitic stainless steels.'>?**! The increased
presence of austenite-stabilizing elements, carbon and nitrogen,
stabilizes retained austenite in the steel microstructure after
quenching to room temperature. Managing this retained austen-
ite often requires the implementation of freezing or deep cryo-
genic treatments subsequently to the quenching process.!*>*!
These advanced methods are essential to convert the retained
austenite to martensite, thereby increasing strength of the steel.

3. Manufacturing of High-Nitrogen
Stainless Steels

The previous section shows that nitrogen has a positive influence
on the properties of stainless steels. However, the production of
nitrogen-alloyed steels is challenging. This is mainly due to the
limited solubility of nitrogen in the steel melt which, if exceeded,
leads to outgassing of N, (boiling of the melt) with loss of nitro-
gen and formation of pores.['*2*27]

Nevertheless, there are several processing routes available to
produce nitrogen-alloyed steels, including both melting and pow-
der metallurgy (PM). In conventional metallurgy techniques
such as the melting in an induction furnace nitrogen is intro-
duced into the steel melt either by the addition of nitrogen-
enriched ferroalloys or applying nitrogen-rich gas atmosphere.
In this case, the achievable nitrogen content primarily depends
on the chemical composition of the steel. For example, the
steel X2CrNiMoN17-11-2 attains a nitrogen content of max.
0.22 mass%.1?® As described in the previous section, chromium
and manganese enhance nitrogen solubility. Consequently, the
steel X8CrMn18-18, with a similar processing method, achieves
a nitrogen content of ~0.55 mass%."!

In addition to the chemical composition, the prevailing N, par-
tial pressure during melting also influences the nitrogen solubil-
ity according to Sieverts’ law!*”!

[%6N] = Ky - /Py, 3)

where Ky is a temperature-dependent constant that also accounts
for the interaction of the steel’s alloying elements with nitrogen.
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This relationship indicates that the higher the N, partial pressure
during the melting of steel, the greater the soluble nitrogen
content. Consequently, pressure-assisted melting has proven to
be an effective method for producing nitrogen-alloyed steels. A
common pressure metallurgy process is pressurized electroslag
remelting (PESR), which operates similar to the electroslag remelt-
ing (ESR) process, but under external pressure.’*>* ESR works
by using an electric current to melt a consumable electrode. The
molten metal droplets pass through a layer of electrically conduc-
tive slag, which absorbs impurities from the metal. The purified
molten metal then collects and solidifies in a water-cooled copper
mold. The electrode is continuously lowered into the slag to main-
tain a uniform melting and solidification process.®! The PESR pro-
cess incorporates granulated nitrides such as Si3N, into the slag as
a nitrogen source and uses elevated pressures of up to 40 bar to
increase nitrogen solubility according to Equation (3).'*"]
While PESR faces the challenge of limited nitrogen solubility
in the steel melt, the PM route avoids this problem by incorpo-
rating nitrogen in solid phase of the steel, where the nitrogen
solubility is significantly higher than in the liquid phase. The
basic process route for the production of high-nitrogen steels
(HNS) presented in this article is based on the PM approach
and is therefore specifically discussed in the next sections.”’

4. New Powder Metallurgical Approach to
Produce Austenitic HNS

In ref. [35], the authors of the present article have developed a
new powder metallurgical approach for the production of

www.aem-journal.com

HNS. As depicted in Figure 1, a powder mixture consisting of
stainless steel and Si3Ny, serving as the nitrogen donor, is encap-
sulated in a gas-tight steel capsule, and subsequently subjected to
hot isostatic pressing (HIP). During the HIP process, at a high
temperature and isostatic pressure (T=1200°C, p =150 MPa),
the Si;N, particles are expected to dissolve, facilitating the diffu-
sion of silicon and nitrogen into the steel matrix. As detailed in
Section 3, this method circumvents the limited solubility of nitro-
gen in the molten state by exploiting its higher solubility in the
solid state. What is new about this process route compared to
other PM routes for the production of HNS is both the use of
the nitrogen donor SizN,, which has not previously been used
in the course of diffusion alloying in the HIP, and in particular
the use of a HIP with an integrated gas quenching (Uniform
Rapid Quenching (URQ)) unit, which allows solution annealing
of austenitic steels directly during the densification step.

The selection of Si3Ny as a nitrogen donor is attributed to the
advantageous stoichiometry of this ceramic. With a nitrogen con-
tent of 40 mass%, Si;N, possesses the highest nitrogen content
among potential nitrogen donors in steels, such as Cr,N, CrN,
and Fe,N. This provides the optimal opportunity to achieve nitro-
gen enrichment without significantly increasing the concentra-
tion of other elements, thereby avoiding deviations from the
nominal alloying compositions due to mixing. The second signif-
icant difference from other PM routes is the use of a HIP system
with URQ. As shown in the phase diagram in Figure 1, the iso-
static pressure applied during HIP stabilizes the austenitic
phase, which is associated with higher nitrogen solubility. The
use of URQ allows this state to be maintained down to room
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Figure 1. lllustration of the process sequence of the new approach for the powder metallurgical production of HNS by encapsulation of a powder mixture
of stainless steel powder and Si3Ny4, HIP, and the associated dissolution of the Si;N, particles and the resulting nitrogen enrichment of the matrix, as well
as rapid quenching within the HIP. The isostatic pressure prevailing during HIP increases the stability of the austenitic phase, resulting in a higher
interstitial soluble nitrogen content compared to atmospheric pressure. Reproduced with permission.’*! Copyright 2023, Materials Letters.
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temperature, resulting in matrices that are highly supersaturated
with nitrogen. This cannot be achieved with conventional PM
methods, involving HIP followed by solution annealing at atmo-
spheric pressure.

To investigate the feasibility of this approach, the study
utilized X2CrNil8-9 stainless steel powder (particle size of
20-50 pm) and SizN, powder (particle size of 44-150 pm), con-
taining ~40 mass% nitrogen. By mixing 2.2vol% Si3N, and
97.8 vol% steel powder using a tumbling mixer, a target nitrogen
content of 0.5 mass% was sought, which corresponds to the max-
imum nitrogen content thermodynamically soluble in austenite
during HIP, according to thermodynamic calculations using the
CALPHAD method. The HIP process was carried out at 150 MPa
and 1200°C, corresponding to the conditions considered for
thermodynamic calculations, for 5 h, followed by rapid quench-
ing with argon gas.

The scanning electron microscope (SEM) image in Figure 2a
shows the formation of an austenitic matrix after HIP, with
darker areas indicating local silicon enrichments. These enrich-
ments correspond to the silicon distribution shown in Figure 2c,
suggesting locations where Si3N, dissolved during the HIP pro-
cess. The resulting nitrogen content is 0.38 mass%, which is
0.07 mass% lower than the initial powder mixture’s nitrogen con-
tent of 0.5 mass%. This slight decrease in nitrogen content from
the powder can be attributed to nitrogen loss during HIP. This
loss occurs due to the low N, partial pressure in the HIP com-
pression gas, which creates a driving force for nitrogen to diffuse
into the HIP atmosphere, trying to equalize the nitrogen gradient
between the steel and the HIP atmosphere. Based on the silicon
and nitrogen distribution in Figure 2c¢,d, few to no local

X2CrNi18-9+Si,N, HIP

www.aem-journal.com

enrichments are detected, which would indicate remaining
Si3N, particles. This suggests that nitrogen is primarily in inter-
stitial solution within the matrix. Additionally, an inverse rela-
tionship between nitrogen and silicon distribution is observed,
with higher silicon content corresponding to lower nitrogen con-
tent. This phenomenon is attributed to the nitrogen activity-
enhancing effect of silicon. This also means that a homogeneous
distribution of nitrogen is only achievable when silicon is uni-
formly distributed.

The results demonstrated that the PM process route shown in
Figure 1 can be successfully employed for the production of
HNS. In particular, the steel was produced solely by HIP without
the need for additional solution annealing. The cooling rate
achieved by the internal gas quenching in the HIP is sufficiently
high to ensure that the nitrogen remains in interstitial solution
and does not precipitate as nitrides during cooling.

4.1. Mechanical Properties

To evaluate the potential of the HNS processed according to the
process route shown in Figure 1, fatigue tests were conducted.
The objective of these tests was to model the high cycle fatigue
(HCF) according to DIN 50 113 and to demonstrate the influence
of nitrogen on the material’s strengthening under cyclic loading.
For fcc materials, it is not usual to characterize the finite life, as
the stress (S) continuously decreases with an increasing number
of load cycles (N), describing type 2 S-N curves.*®! Hence, the
evaluation of HCF is sufficient for an assessment of cyclic
strength increase. Additionally, the fracture surface allows to
identify crack initiation sites and potential inclusions. For

Figure 2. SEM investigation of the X2CrNi18-9 + Si3;N, material after HIP: a) secondary electron microscopic image (white arrows indicate silicon diffu-
sion seams), b) distribution of Fe, nickel, chromium, and O, ¢) distribution of silicon, and d) distribution on nitrogen; all element distributions were
measured by EDS.P® Reproduced with permission.®>! Copyright 2023, Materials Letters.
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instance, multiple crack initiation sites indicate a surface failure
of the specimens. Single crack initiation sites at so-called fish-eye
defects are often attributed to inclusions or pores and represent
the material and processing quality.l*”)

4.1.1. Experimental

Rotating bending tests (R = —1) were conducted at a frequency of
57.5 Hz. A forged and solution annealed material, X2CrNiN18-9,
with a nitrogen content of 0.12 wt%, was used as the reference
material. Eleven samples of the reference material and five sam-
ples of the HIP material were prepared according to Figure 3,
manual longitudinal polished and tested in accordance with
DIN 50113. The sample size limitation due to the size of the
HIP capsule explains the lower number of HIP material. For
the evaluation of the HCF curve using the pearl string method,
the software SAFDP® was utilized.

A SEM of type JSM-6400 (JEOL Ltd.) was used to analyze the
fracture surfaces. For topography characterization, a secondary
electron (SE) detector was employed. To visualize inclusions, a
backscatter electron (BSE) detector was used in combination with
energy-dispersive X-ray spectrometry (EDS) point scans.

4.1.2. Results and Discussion

Obtained S-N curves are presented in Figure 4a where the
applied stress amplitude is plotted against the number of cycles.
Each failed specimen is represented by an unfilled circle. The
calculation using the pearl string method is displayed as a fit
within the diagram. The reference material, X2CrNiN18-9 (forged),
is shown in black, while the PM HIP HNS X2CrNi18-9 + Si;Ny,
is shown in orange. The results indicate that the HNS material
exhibits a clear increase in HCF strength, regarding higher frac-
ture cycles and higher stress amplitudes. Additionally, the slope
of the X2CrNi18-9 + Si;N, HIP fit is less steep, suggesting a ten-
dency toward a better long-life fatigue behavior. The 0.26 mass%
increase in nitrogen content in the X2CrNil18-9 + SisN, HIP
material, compared to the 304LN reference material, is hypothe-
sized to significantly contribute to the observed optimization of
fatigue properties. This hypothesis will be further evaluated in
subsequent studies, where other critical factors such as grain
size, inclusion density, and porosity will be systematically ana-
lyzed. Despite the need for further validation, the enhanced
fatigue performance observed in the HCF regime demonstrates
the significant potential of the investigated processing route to
improve material behavior. However, due to the limited number
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Figure 3. Specimen geometry for rotating bending tests, numbers given in
mm.
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of specimens, caution is required in interpreting the results, as
no definitive conclusions regarding statistically significant values
can be drawn at this stage.

A representative fracture surface of the reference material can
be seen in Figure 4b. The specimen depicted here failed at a
stress amplitude of 375 MPa after 187 000 cycles. A clear crack
initiation site is visible in the SE detector image (red circle). The
same specimen was imaged at higher magnification using a BSE
detector (Figure 4c), where no notable defects such as inclusions
or pores could be identified. This suggests that the failure was
due to the inherent material behavior of the steel.

Figure 4d depicts a representative fracture surface of a
X2CrNi18-9 + Si3N, HIP specimen that failed at a stress ampli-
tude of 400 MPa after 285 000 cycles. A clear crack initiation site
is also visible in the SE detector image (red circle). Under higher
magnification using the BSE detector, a distinct inclusion was
observed. EDS point measurement of the dark colored area indi-
cated a Ti-N-rich particle. This particle served as the crack initia-
tion site and was thus critical to the failure. Similar inclusions
with different amounts of Ti, Si, Al, N, and O were identified at
the edge regions of all HIP specimen fracture surfaces. These
inclusions can only be attributed to impurities in the powder
material, either in the X2CrNi18-9 powder or the Si;N, powder.
To determine the source of the contamination, oxygen measure-
ments were carried out on both types of powder using carrier gas
hot extraction. The steel powder has an oxygen content of only
300 ppm, while the SisN, powder consists of ~7000 ppm. This
result drastically shows the importance of Si;N, purity, the influ-
ence of oxygen contamination within the additive material, and
the results on the microstructure and resulting properties.

A comparison of both materials clearly shows better cyclic
strength of the X2CrNil18-9 + Si3N, HIP material, despite the
existence of large nonmetallic inclusions which act as crack start-
ing points. This indicates a rather poor degree of purity of the PM
grade. Therefore, it can be assumed that the intrinsic fatigue
strength of the HIP material is significantly higher than repre-
sented here. The new PM process approach depicted in Figure 1
demonstrates a positive effect on the strength of cyclically loaded
components. As usual for high-strength materials, the fatigue
resistance is limited by impurities, acting as defects in a fracture
mechanical sense. These impurities not only influence the
mechanical properties but may also affect the corrosion behavior.
Since corrosion resistance is a primary focus for stainless steels,
the impact of the detected nonmetallic inclusions on corrosion
behavior will be assessed in future studies. It can already be con-
cluded that the material properties have not yet reached their
maximum potential, primarily due to the significant contamina-
tion of Si3N4 with oxygen.

5. Transferability of the New Approach to
Additive Manufacturing of Austenitic HNS

5.1. Motivation

Additive manufacturing (AM) has revolutionized industrial
manufacturing by enabling the production of complex geome-
tries and customized parts with high precision and efficiency.
This technology reduces material waste and production time
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Figure 4. a) S—N curves of the rotating bending test for X2CrNiN18-9 forged reference material and X2CrNi18-9 + SisN, HIP material, b) SE image of
X2CrNiN18-9 forged fracture surface, c) BSE image of X2CrNiN18-9 forged fracture surface, d) SE image of X2CrNi18-9 + Si;N, HIP fracture surface,
e) BSE image of X2CrNi18-9 + SisN4 HIP fracture surface, and f) qualitative EDS point scan of detected inclusion inside of X2CrNi18-9 + SisN4 HIP

fracture surface.

compared to traditional manufacturing methods, offering signif-
icant cost savings and flexibility. The ability to produce intricate
designs and functional prototypes directly from digital models
accelerates innovation and reduces time-to-market for new
products.>*4%

Despite its advantages, the widespread adoption of AM in the
metal sector necessitates ongoing research into new materials.
Developing advanced metal alloys specifically tailored for AM
processes is crucial to overcoming challenges such as residual
stresses, microstructural defects, and limited material properties.
Research in this area aims to enhance the mechanical perfor-
mance, durability, and reliability of AM-processed metal parts,
ensuring they meet the stringent requirements of industries
such as aerospace, automotive, and medical devices.!*"*?

Powder bed fusion of metals using a laser beam (PBF-LB/M)
is one category of AM processes that uses a laser beam to selec-
tively melt and fuse thin layers of metal powder, creating 3D
parts. The process begins with a thin layer of metal powder

Adv. Eng. Mater. 2024, 2402033 2402033 (7 of 17)

spread across a build platform. A laser beam, directed by a high-
precision scanning system, selectively melts the powder according
to the CAD data of the part. Once a layer is completed, the build
platform lowers, and a new layer of powder is applied. This cycle
repeats until the part is fully constructed.®>**! This process creates
small melt pools that are significantly smaller in volume than the
build platform or the already processed component. This leads to
rapid heat dissipation, resulting in high solidification and cooling
rates. These conditions generate significant thermal stresses that
can cause distortion or cracking of the part.**! When it comes to
steels, not every alloy can withstand these harsh thermal conditions.
Therefore, materials commonly used in welding, such as the aus-
tenitic steel X2CrNiMo17-12-2, are preferred due to their high tol-
erance to thermal stresses. The steels currently utilized in AM often
lack the requisite mechanical and chemical properties to meet the
generally demanding requirements of industrial applications."*”!
For this reason, research is being conducted on new materials
and process routes for the AM of steels to achieve optimal
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858017 SUoWLLOD AIERID 3|qedljdde auy Aq pausenob are sspiie VO ‘SN Jo se|ni 10} ArigITaUIIUO AB]IA UO (SUORIPUOD-PUB-SWR)W0D A8 | IM"ARIq 1 BUlUO//SA1Y) SUORIPUOD PUe SWLB | 34} 885 *[5202/90/2T] Uo ARigiauljuo A8|im ‘BueburssBunuyoey Jeeiiuez AISRAIUN WaydeY UMy Aq £6020v202 Wepe/200T OT/I0p/W0d" A3 | im* Afe.q 1 puljuo"peoLeApe//Sany Woij pepeojumoq ‘0 ‘8r92.2ST


http://www.advancedsciencenews.com
http://www.aem-journal.com

ADVANCED
SCIENCE NEWS

ENGINEERING

www.advancedsciencenews.com

PBF-LB/M processability, along with enhanced chemical and
mechanical properties. In the area of the aforementioned austen-
itic steels, the alloying element nitrogen is often a focal point due
to its significantly positive influence on the mechanical and
chemical properties of stainless steels.*

To date, the nitrogen content achievable in PBF-LB/M-
produced steels has been constrained by the maximum nitrogen
solubility in the melt of the respective steel. Boes et al.*®! achieved
a nitrogen content of 0.58 mass% in the X2CNiMo17-12-2 stain-
less steel powder by gas nitriding. They adjusted a nitrogen con-
tent of ~0.1 mass% (0.1N) and 0.3mass% (0.3N) by mixing with
untreated powder, and subsequently processed these powder
mixtures using PBF-LB/M in an N, process atmosphere. In
the 0.1IN powder, a sample density greater than 99.7% was
achieved, while the nitrogen content slightly increased compared
to the powder. These results were attributed to the nitrogen con-
tent of 0.1 mass% in the powder not exceeding the nitrogen sol-
ubility limit. On the contrary, this level had not yet been reached,
allowing the melt to absorb additional nitrogen from the disso-
ciation reaction of N, from the process atmosphere. In contrast,
the 0.3N powder exhibited a significant nitrogen loss in the
PBF-LB/M samples compared to the powder, along with the
formation of gas pores. This was attributed to exceeding
the nitrogen solubility limit in the melt. Regarding mechanical
properties, higher strength was observed in both nitrogen-alloyed
X2CrNiMo17-12-2 variants compared to the nitrogen-free base
material. However, the increased porosity of the 0.3N steel
resulted in significant reductions in elongation at fracture.*’!

5.2. Initial Approach

Due to the limited solubility of nitrogen in the steel’s liquid
phase, the authors of the present work sought to transfer the
powder metallurgical approach for producing HNS, as detailed
in ref. [35] and explained in Section 3, to PBF-LB/M of HNS.
The process sequence is depicted in Figure 5. It includes the
processing of a powder mixture of steel powder and Si;N, by
PBF-LB/M. The objective during production is to obtain the
Si3N, particles within the laser-consolidated steel matrix and

Base powder
N

..’

Recoater |

Si,N,
Re-
® flection
Particle =
interaction *—\ -
- @ (N7
e ® ¢ ¢
o0 ©¢0 ©

Base powder Si;N,
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Melt pool ©f SisN,
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subsequently dissolve them in the solid phase during HIP, in
accordance with the observations in ref. [35]. This approach cir-
cumvents the limited nitrogen solubility in the melt, thus
enabling the AM of steels with nitrogen contents far above their
maximum nitrogen solubility in the liquid phase. The first find-
ings on this approach were collected in refs. [47,48].

As starting materials for the process route, two powders were
utilized: the base steel powder (X2CrNi18-9) and a nitrogen addi-
tive (Si3Ny4). As illustrated in Figure 5, the particle interaction
during recoating was investigated. The additively built sample
was intended to consist of residual Si;N, particles and closed
porosity, which would facilitate the diffusion alloying of nitrogen
and the postdensification of pores formed during PBF-LB/M
within the HIP process. In comparison with the HIP route, AM
imposed stricter requirements on the powder properties.
Therefore, the flow properties, bulk density, moisture content,
and laser absorption were investigated and optimized.

During the AM step, two main objectives were pursued. First,
it was essential to avoid complete decomposition of the Si;Ng4
particles to ensure nitrogen diffusion during the HIP process.
Premature release of all the nitrogen from the Si;N, powder par-
ticles would have resulted in solubility issues, as described in the
literature. Consequently, the particle size distribution of the
Si3N, powder was kept as coarse as possible to minimize disso-
lution. The second objective was the fabrication of gas-tight
specimens. To ensure a successful densification during HIP,
the component had to exhibit no open porosity. Once a relative
density of 95% was achieved, it was assumed that only closed
porosity was present.**>”)

Investigations into the powder properties demonstrated that
the addition of Si;N, deteriorated the flowability compared to
the base powder. However, the moisture content and laser
absorption of the powder remained unaffected. By varying the
particle size distribution of the additive and the mixing method-
ology, sufficiently flowable mixtures were produced.!*”)

In ref. [48], the authors investigated the processability of
X2CrNi18-9 + Si3N, compared to pure X2CrNil8-9 powder.
The addition of Si;N, powder significantly reduced the pro-
cessability and reproducibility of dense samples. The intended

Diffusion zone e
Interstitial solution of N

D

Figure 5. lllustration of the process route of the new approach for the AM of HNS by using an additivated powder with SisNy4, aiming for unmelted SisN,
particles inside a steel matrix. Using a HIP postprocess for diffusion alloying of the additive manufactured parts.
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(a) X2CrNi18-9 X2CrNi18-9 + Si,N,
Powder PBF-LB/M Powder PBF-LB/M
N content [mass%] | 0.084 +0.008 | 0.078 £+ 0.011 | 0.446 +0.020 | 0.085+0.007

Figure 6. Nitrogen contents for X2CrNi18-9 powder and PBF-LB/M samples: a) X2CrNi18-9 + SisN, powder and PBF-LB/M samples (measured by
carrier gas hot extraction), b) light microscopic sections of a highly porous specimen, c) revealing remaining SisN4 particles inside of defects, and

d) dense specimen without remaining Si;Ny, particles.

increase in the nitrogen content up to 0.45 mass% due to residual
Si3Ny particles was not achieved (Figure 6a). After processing a
gas-tight sample (Figure 6d), a nitrogen loss of 0.361 mass% was
measured, resulting in the same chemical composition as
the pure X2CrNil8-9 powder (0.085 mass%). The unexpected
production of high porosity samples (Figure 6b) revealed
residual Si3N, particles inside voids and gaps between hatches
(Figure 6¢). The poor powder flowability resulted in high variabil-
ity in pore structure and an inhomogeneous distribution of
defects, causing processing issues but increasing the locally
Si3N, content. The present study revealed that the two primary
requirements, maintaining coarse Si3N, particles during
PBF-LB/M and producing gas-tight samples, were contradictory.

5.3. Adapted Approach

The aforementioned observations led to the development of an
adapted approach, namely, the PBF-LB/M production of shell-
core samples from the powder mixture of stainless steel and
SizNy, which was published in ref. [51]. In the shell-core
approach, the PBF-LB/M component is composed of a dense
(fully exposed) shell and a completely (unexposed) or partially
powdered (partially exposed) core. The full densification is sub-
sequently achieved by HIP. In the context of the presented
endeavor, this approach ensures the retention of Si3N, particles
within the PBF-LB/M component (see Figure 7), which dissolve
during the subsequent HIP step. This approach should facilitate
the AM of stainless steels with nitrogen contents exceeding the
maximum nitrogen solubility in the melt.

The feasibility of this approach was demonstrated in ref. [51].
The results demonstrated that the HIP process (T = 1200 °C,
p=150MPa, t =5 h; same parameters as in ref. [35]) was highly
effective in achieving near-complete densification of the shell-
core samples. Figure 8a shows a cross section of the shell-core
sample before HIP, and Figure 8b displays the sample after HIP.
The initial structure features a dense shell surrounding a mini-
mally exposed core, which transforms into an almost fully dense
post-HIP structure. The shrinkage observed is due to the isostatic
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Figure 7. Shell-core approach for the AM of HNS published in ref. [51].
Reproduced under the terms of the CC BY 4.0 license.’'! Copyright 2024,
The Authors. Published by Additive Manufacturing Letters.

pressure applied during HIP, which compresses the sample
uniformly from all directions, ensuring the elimination of
residual porosity and enhancing the material’s density to more
than 99.9%.

Figure 8c provides a close-up optical micrograph (OM) of the
core structure before HIP, revealing a strut-like arrangement of
laser consolidated volumes. Between these struts, loose powder
is present after PBF-LB/M and before HIP, respectively.
Figure 8d shows the silicon distribution in the HIP-densified
sample, highlighting silicon diffusion seams, also arranged in
a strut like manner. These seams are indicative of SizN, particles
that remained in the powder regions after PBF-LB/M and
dissolved during HIP, releasing nitrogen and silicon into the
matrix in the same way as it was already shown in work®® and
Section 4. The electron backscatter diffraction scan, as shown in
Figure 8e,f, confirmed a fully austenitic matrix with a typical aus-
tenitic grain structure characterized by equiaxed and twin grains.
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Figure 8. Microstructural investigations from ref. [51]: a) OM of shell-core sample before HIP and b) after HIP, c) close-up of the core, d) silicon
distribution in the core, €) inverse pole figure map of a section from (d) and f) phase map corresponding to the map in (e). Reproduced under
the terms of the CC BY 4.0 license.’"! Copyright 2024, The Authors. Published by Additive Manufacturing Letters.

In the laser-exposed areas, i.e., both in the shell and in the
struts located in the core, no significant changes in nitrogen
and silicon content could be detected after PBF-LB/M (before
HIP) compared to the X2CrNil18-9 starting powder. This indi-
cated that the laser interaction with the Si3N, powders did not
lead to the melting of the particles and the associated silicon
and nitrogen enrichment of the steel, but to a decomposition
reaction and the subsequent transfer of silicon and nitrogen into
the process atmosphere. This led to the conclusion that only the
Si3N, particles remaining in the loose powder areas were avail-
able for diffusion alloying with silicon and especially nitrogen
during HIP, as evidenced by the strut-like formation of silicon
diffusion seams in Figure 8d. This also resulted in a significantly
lower nitrogen content of the shell-core samples compared
to the powder, which is consistent with the results shown in
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Section 5.2. After PBF-LB/M, the laser-induced decomposition
reaction of the Si;N, particles resulted in a nitrogen content of
0.24 mass% (compared to 0.45 mass% in the powder mixture of
X2CrNi18-9 and Si3N,), which was further reduced to a value
of 0.19 mass% after HIP. This latter nitrogen loss during HIP
was attributed to the low nitrogen partial pressure in the HIP
compression gas, which acted as a nitrogen sink and thus pro-
vided a driving force for nitrogen to diffuse from the steel into
the HIP atmosphere.

In ref. [35], only the averaged, global nitrogen content was
measured. In contrast, in the investigation of PBF-LB/M produc-
tion of HNS utilizing the shell-core approach, the localized sili-
con and nitrogen content was quantified using microprobe
analysis. This study emphasized the variations in silicon and
nitrogen content between the shell and the core, as well as
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the relationship between local silicon gradients and nitrogen
content within the core. Additionally, nanoindentation was con-
ducted to correlate chemical gradients with the local mechanical
properties.

To investigate the differences in nitrogen and silicon content
between the shell and core, a wavelength dispersive spectrometry
(WDS) line scan was conducted from the sample’s outer shell to
the core, followed by a nanoindentation line scan at the same
location to establish the correlation between local elemental con-
tent and nanohardness. The results, depicted in Figure 9a, show
that the nitrogen content within the core remained almost con-
stant at 0.24 mass%, decreasing toward the surface to a mini-
mum of 0.11 mass%. The silicon profile displayed a nonlinear
or irregular trend within the core, indicating silicon diffusion
seams as observed in Figure 8d. Similar to nitrogen, the silicon
content in the shell gradually decreases toward the surface.
Nanohardness decreases within the shell toward the sample sur-
face and stabilizes within the core at 3.1 GPa in the core.

The observed nitrogen and silicon distributions and the rela-
tionship with nanohardness could be explained as follows.

In the shell, a consistently low silicon and nitrogen content
can be assumed after PBF-LB/M and before HIP, as the Si;Ng4
particles present in this region decompose primarily due to inter-
action with the laser during PBF-LB/M. During HIP, the Si3Ny4
particles located in the core, particularly in the remaining loose
powder areas, dissolve, leading to the diffusion of silicon and
nitrogen into the austenitic matrix. This results in a global silicon
and nitrogen concentration difference between the shell and
core, with a resulting driving force for silicon and nitrogen dif-
fusion from the core into the shell. The diffusion rate of silicon is
not sufficient to equalize the silicon concentration between the
shell and the core, as evidenced by the decreasing silicon content
detected in the shell in Figure 9b. The situation is different for
nitrogen. Nitrogen has a sufficiently high diffusion rate that the
gradient between the shell and the core could equalize. However,
as described above, the HIP atmosphere acts as a constant nitro-
gen sink, with nitrogen passing from the steel into the HIP atmo-
sphere. This was assumed to be one of the reasons for the
gradient in the shell found for nitrogen. Nanohardness is directly
correlated to the silicon and nitrogen contents measured in the
core and shell. Lower nitrogen and silicon contents are associated

www.aem-journal.com

with lower nanohardness due to lower solid solution strengthen-
ing. This is also the reason why the macrohardness is signifi-
cantly lower in the shell (163 HV10) than in the core (182 HV10).

To determine the influence of silicon gradients on the nitro-
gen distribution as well as on the nanohardness in the core, EDS/
WDS and subsequently nanoindentation line scans were con-
ducted. Figure 10a shows the silicon distribution, highlighting
silicon seams and bright silicon-rich particles, which are silicon-
and manganese-rich oxides. The WDS line scan through a silicon
diffusion seam in Figure 10a revealed an inverse segregation of
nitrogen and silicon. The nitrogen content reached its lowest
value of 0.17 mass% where the silicon content was highest
(3.17 mass%) and its highest value of 0.24 mass% where the sili-
con content was lowest at 0.73 mass%. This inverse segregation
is due to the mutually enhancing effects of nitrogen and silicon
on their respective activities in the austenitic phase, already men-
tioned in Section 4.

Figure 9 demonstrates that varying nitrogen and silicon con-
tents determined the differences in mechanical properties
between the shell and the core. However, in Figure 10b, a nano-
indentation line scan through several silicon diffusion seams in
the core revealed no significant local differences in nanohard-
ness. Thus, the inverse segregations of silicon and nitrogen
within the core shown in Figure 10a do not significantly affect
local mechanical properties. The solid solution strengthening
contributions of both silicon and nitrogen compensate for each
other; in regions with lower nitrogen content and higher silicon
content within a silicon diffusion seam, silicon compensates for
the reduced nitrogen content, resulting in a consistent nanohard-
ness profile throughout the core. This contrasts with the nano-
hardness differences between the core and the shell, where both
lower silicon and nitrogen contents lead to lower nanohardness
in the shell.

The results from this study indicated that the proposed AM
approach for HNS using the shell-core strategy is fundamentally
promising. However, several challenges were identified: 1) The
nitrogen content in the component after HIP is significantly
lower than in the initial powder mixture of X2CrNil8-9
and Si3Ny. This reduction is attributed to Si3N, decomposition
during PBF-LB/M and nitrogen effusion during HIP and
2) Localized silicon gradients result in an uneven distribution
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Figure 9. Nanohardness, silicon, and nitrogen course in a shell-core sample, beginning at the surface and continuing to the core: a) location of the
measurements and b) nitrogen, silicon, and nanohadness profiles. Reproduced under the terms of the CC BY 4.0 license.”" Copyright 2024, The Authors.
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Figure 10. a) Silicon and nitrogen distribution in a silicon diffusion seam measured by WDS. b) Silicon distribution and hardness through several silicon
diffusion seams." Reproduced under the terms of the CC BY 4.0 license.P" Copyright 2024, The Authors. Published by Additive Manufacturing Letters.

of nitrogen,
performance.

These findings highlight two key optimization potentials:
1) Reducing the laser-exposed volumes to preserve a higher pro-
portion of Si3N, in the powder regions and 2) Utilizing finer
Si3N, powder is intended to shorten the diffusion pathways
for silicon and nitrogen by reducing interparticle distances.
This, together with the faster dissolution of smaller Si;N, par-
ticles, could facilitate improved homogenization of silicon and
consequently nitrogen during the HIP process.

potentially negatively impacting corrosion

5.3.1. Optimization of the Approach

These optimization approaches were addressed in ref. [52] by
increasing the hatch distance in the core from 500 to 600 pm
(reducing laser exposed volumes in the core) and using Si3N,
particles smaller than 36 pm instead of a size in between 36
and 72pm. In addition, ball milling was used to break up
Si3Ny4 agglomerates and mechanically bond the fine particles
to the steel particle surface, as indicated in Figure 11. Ball milling
was used for the fine SizN, particle fraction smaller than 36 pm
to improve the binding behavior and thus the powder properties
as shown in ref. [47]. The mixing was carried out for 24 h, using
WC grinding balls, and a medium rotation speed. The ball to
powder ratio was 1:1 (vol%) with a vial filling factor of 66.7%.

Microstructural investigations shown in Figure 12 revealed
that the HIP-densified shell-core sample achieved almost
100% densification, which is accordance to the findings in
Figure 8 or in ref. [51]. Elemental distribution analysis of silicon
after HIP densification showed silicon diffusion seams analo-
gous to the findings in Figure 8 or in ref. [51], indicating where
Si3N, particles dissolved during HIP. The strut-like pattern
observed in the micrograph corresponded to areas of silicon dif-
fusion, suggesting that the laser-exposed areas experienced a loss

Adv. Eng. Mater. 2024, 2402033 2402033 (12 of 17)

Figure 11. Powder mixture of X2CrNi18-9 + SisN4 with an SisN, fraction
smaller than 36 um after ball milling for 24 h. Reproduced with permis-
sion.’? Copyright 2024, Euro PM 2024.

of silicon and nitrogen due to Si3;N, decomposition, a finding
consistent with the observations in ref. [51].

Further, the presence of silicon diffusion seams correlated
with the local evolution of grain size. Areas with higher silicon
diffusion seam density exhibited smaller grain sizes (20 & 8 pm)
compared to areas with lower density (50 + 12 pm). The total
grain size was 20 £ 15 pm, which was 19% larger than the grain
size reported in ref. [51] for materials with coarser Si;N, par-
ticles. This suggested that smaller Si;N, particles dissolved more
quickly during HIP, reducing their impact on grain growth
inhibiting.

The total nitrogen content in the optimized shell-core sample
after HIP was measured at 0.286 £ 0.005 mass%, indicating a
0.17 mass% nitrogen loss from the powder mixture. This

© 2024 The Author(s). Advanced Engineering Materials published by Wiley-VCH GmbH
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Figure 12. Microstructural investigations from ref. [52]: a) schematic illustration of shell-core sample before HIP, b) OM micrograph of the shell-core
sample after HIP, c) close-up of the core, d) silicon distribution in the core, €) inverse pole figure map of the section from (d), and f) phase and grain size
map corresponding to the marked section A and B indicated in (d). Reproduced with permission.? Copyright 2024, Euro PM 2024.

nitrogen loss was attributed to Si3;N, decomposition in laser-
exposed areas during PBF-LB/M and nitrogen effusion into
the HIP atmosphere. Compared to the previous study (nitrogen
content of 0.18 mass% after HIP), the optimized process resulted
in a higher nitrogen content. The improved nitrogen content
with smaller Si3N, particles was attributed to better mechanical
adhesion of Si3Ny to the steel particles, reducing segregation dur-
ing powder handling and application on the build platform. The
higher nitrogen content in the shell-core sample led to higher
hardness in the core (193 £ 6 HV10) and shell (164 +2 HV10)
areas, compared to ref. [51], where hardness was 182 HV10 in the
core and 163 HV10 in the shell. The increased hardness was
linked to the higher interstitial nitrogen content and improved
solid solution strengthening.

Additionally, the finer Si3N, particles resulted in higher sili-
con homogeneity during HIP, with a 50% increase compared
to coarser particles, which was evaluated by variograms based
on quantitative silicon elemental distributions. This is also asso-
ciated with a more homogeneous nitrogen distribution due to the
inverse segregation behavior revealed by Figure 10.

Adv. Eng. Mater. 2024, 2402033 2402033 (13 of 17)

In conclusion, the optimization of the AM process using finer
Si3N, particles and milling ball-assisted mixing significantly
improved the nitrogen content and silicon homogeneity in the
HIP-densified shell-core samples compared to the previous
study.

6. Summary

This article presented a novel powder metallurgical approach for
fabricating HNS via HIP of a powder mixture consisting of stain-
less steel powder and Si3N,. Additionally, it emphasized the
application of this method to produce HNS in the framework
of AM, specifically via the PBF-LB/M process.

First, the feasibility of the approach was demonstrated using
the example of conventional PM-HIP production of the
X2CrNi18-9 + Si3N, system with a total nitrogen content of
0.38 mass%, which was published in ref. [35]. It was demon-
strated that Si3N, dissolves during HIP as intended and that
the austenitic matrix is enriched with silicon and nitrogen.

© 2024 The Author(s). Advanced Engineering Materials published by Wiley-VCH GmbH
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The HIP-integrated gas quenching prevented nitride formation
during cooling, allowing densification and solution annealing to
be completed in one single step within the HIP. The fatigue
properties of the steels produced by the above process showed
significantly better performance in the high-cycle fatigue range
compared to conventionally produced X2CrNiN18-9 steel. This
was attributed to the enhanced solid solution strengthening
effect resulting from the higher nitrogen content, underscoring
the remarkable potential of the process route under consider-
ation. To transfer the approach to the PBF-LB/M production
of HNS, an initial attempt was made to produce an approximately
dense microstructure from an X2CrNi18-9 + Si;N, powder mix-
ture in which Si3Ny is present as a ceramic phase in the laser-
consolidated matrix. However, it was observed that during the
interaction of the Si;N, particles with the laser, a decomposition
reaction occurred, leading to the loss of both silicon and nitro-
gen. Consequently, the shell-core strategy, in which a dense shell
is fabricated around a minimally exposed core, was employed in
ref. [51]. This process enabled the preservation of loose Si;N, par-
ticles within the PBF-LB/M components, which subsequently
dissolved during the HIP process. This dissolution was analo-
gous to that observed in ref. [35], and it enriched the matrix with
nitrogen. These observations indicated the feasibility of transfer-
ring the investigated approach to the fabrication of HNS in
PBF-LB/M.

Significant differences were observed in the selection of two
distinct Si3Ny fractions. In samples produced with a Si3N, frac-
tion smaller than 36 pm, there was a higher absolute nitrogen
content compared to a Si3N, fraction of 36-72 pm, leading to
higher hardness. This was attributed to the occurrence of lower
Si3N, powder segregation processes during the PBF-LB/M pow-
der application. Furthermore, a more homogeneous distribution
of silicon was observed, with this distribution being directly cor-
related with the distribution of nitrogen. Locally increased silicon
contents resulted in locally reduced nitrogen contents due to the
nitrogen activity-enhancing effect of silicon.

6.1. Optimization Approaches

The following optimization approaches are presented, which will
be pursued further in the future: 1) The use of smaller Si3N,
particles (nanometer range) for optimized silicon homogeniza-
tion and thus an even more homogeneous nitrogen distribution.
Furthermore, an Si;N, powder with a lower O content is to be
found for future investigations to minimize oxide formation dur-
ing HIP; and 2) Use of a shapable laser (donut laser): During the
production of PBF-LB/M, Si3N, decomposes as a result of inter-
action with the laser. To obtain Si3N, particles in the laser-
exposed areas, it will be investigated in the future whether a
weakened laser intensity profile can lead to a lower decomposi-
tion tendency of Si3N, due to lower peak temperatures.

7. Outlook

The investigations demonstrate the fundamental feasibility of
diffusion alloying with Si3;Ny4 in a HIP with internal gas quench-
ing for the production of HNS. Moreover, they proof the poten-
tial for transferring this approach to the PBF-LB/M process for
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HNS production, thereby effectively overcoming limitations in
nitrogen content that arise from the restricted nitrogen solubility
in the melt. While the feasibility has been demonstrated in this
article using an austenitic CrNi steel, the approach can be applied
to other groups of stainless steels presented in Section 1, such as
martensitic, duplex, and austenitic stainless steels based on an
alloy system other than the CrNi system. Due to the high levels
of interstitially soluble nitrogen that can be achieved using this
approach, the amount of nickel or manganese required for sta-
bilizing austenite in the production of duplex and austenitic
stainless steels can be entirely substituted with nitrogen.
Consequently, it becomes feasible to produce these types of steels
using only the FeCr(Si)N alloy system. This alloy system is also
applicable to the production of martensitic stainless steels. The
following discussion will explore the potential for manufacturing
austenitic, duplex, and martensitic stainless steels using the
FeCr(Si)N alloy system and the process methodology described
in the present work.

7.1. Austenitic Stainless Steel

Figure 13 shows the isothermal phase diagram calculated using
the CALPHAD method and considering the HIP conditions
(T=1200°C, p=150MPa) for the Fe20Cr system, with the
nitrogen content plotted against the silicon content. Additionally,
the stoichiometric line of Si3N, is marked, indicating in which
amounts the nitrogen and silicon contents can be adjusted
through Si;N, addition. The Si3Ny line intersects the single-
phase austenitic phase region within a nitrogen content range of
~0.58-0.9 mass%, with corresponding silicon contents of 0.87—
1.35 mass%. Assuming the thermodynamic equilibrium state is
achieved during HIP, the appropriate addition of Si3N, would
result in the formation of a single-phase austenitic structure,
which could be maintained down to room temperature through
HIP-internal gas quenching. To achieve this, sufficient austenite

Austenitic stainless steel
Fe20Cr, 1200°C, 150 MPa
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Figure 13. Isothermal phase diagrams calculated using the CALPHAD
method at a temperature of 1200 °C and a pressure of 150 MPa for the
Fe20Cr systems.
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stability or a low tendency for phase transformation during cool-
ing must be ensured. This is accomplished in the present sce-
nario by setting sufficiently high-nitrogen content as well as a
chromium content of 20 mass%. The elevated chromium level
should lower the temperature at which thermally induced mar-
tensitic transformation occurs to below room temperature,
thereby ensuring the formation and preservation of a single-
phase austenitic structure at room temperature.

The motivation for developing a nickel-free austenitic stainless
steel arises from the need to reduce reliance on the expensive and
often volatile nickel market. Furthermore, the high abundance of
nitrogen (comprising 78% of the atmosphere) and its role in
enhancing sustainability are key factors driving the exploration
of this alternative austenitic stainless steel production route.
In the context of AM, the utilization of this alloy system could
unlock new applications, particularly in medical technology,
where AM is employed to create patient-specific implants. The
absence of nickel is especially significant, as it mitigates the risk
of nickel-induced allergic reactions in the human body.

7.2. Duplex Stainless Steels

In addition to producing a single-phase austenitic steel based
solely on the FeCr(Si)N system, a duplex stainless steel can also
be produced using the process routes outlined in this work (HIP
and PBF-LB/M + HIP). As with the austenitic variant, this is
driven by the objective of reducing or eliminating the nickel con-
tent. The feasibility is evidenced by the CALPHAD calculations
shown in Figure 14. Figure 14a presents the isothermal phase
diagram of the Fe22Cr system at a temperature of 1145°C
and a pressure of 150 MPa, with nitrogen content plotted along
the y-axis and silicon content along the x-axis. The elevated chro-
mium content of 22 mass%, compared to the austenitic steel var-
iant, ensures sufficient stabilization of the ferritic phase at high
temperatures, enabling the formation of a two-phase ferritic—
austenitic microstructure in the course of solution annealing.
With an exemplary nitrogen content of 0.4 mass% (see indicated
cross in Figure 14a) and a corresponding silicon content of
0.6 mass%, the addition of Si3Ny4 places the system within the

Duplex stainless steel

www.aem-journal.com

phase region consisting of alpha and gamma iron. The corre-
sponding phase quantity diagram for this composition, shown
in Figure 14D, indicates that at a temperature of 1145 °C and
a pressure of 150 MPa, a phase mixture consisting of 50 vol%
ferrite and 50vol% austenite can be achieved, corresponding
to a typical duplex stainless steel structure. Similar to the pres-
ervation of a single-phase austenitic structure, this phase mixture
can be maintained down to room temperature through HIP-
internal gas quenching, thereby enabling the production of
duplex stainless steel via Si3N,4 addition in the HIP.

7.3. Martensitic Stainless Steel

As described in Section 1 and 2, the strength attainable in carbon-
alloyed martensitic stainless steels is primarily dictated by the
carbon content and the resulting degree of tetragonal lattice dis-
tortion during or after hardening. However, alloying with carbon
is constrained by the increasing risk of forming Cr-rich M,3Cg
carbides, which can significantly compromise corrosion resis-
tance by depleting chromium from the matrix. An alternative
to carbon is the alloying element nitrogen, which induces mar-
tensitic transformation and also offers positive effects on corro-
sion resistance, including increased resistance to pitting
corrosion (see Equation (1)). However, due to the limited solu-
bility of nitrogen in the melt, producing such steels is challeng-
ing. The approach described in the present work, which allows
for the incorporation of high-nitrogen contents, makes produc-
tion feasible in principle. The isothermal phase diagram of the
Fel5Cr system, calculated at a temperature of 1200 °C and a pres-
sure of 150 MPa, as shown in Figure 15, serves as an illustration
of the feasibility. As shown in the isothermal phase diagrams in
Figure 13 and 14a, the nitrogen content is plotted against the
silicon content. An example marker has been placed at a nitrogen
content of 0.6 mass% with a corresponding silicon content of
0.9 mass%, which is adjusted by Si;N, addition. While a chro-
mium content of 20 mass% was selected for the austenitic steel
to prevent martensitic transformation during cooling (see
Figure 13), a deliberately lower chromium content is considered
for the martensitic stainless steel in Figure 15 to induce

(a) 04 Fe22Cr, 1145°C, 150 MPa
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Figure 14. a) Isothermal phase diagrams calculated using the CALPHAD method at a temperature of 1145 °C and a pressure of 150 MPa for the Fe22Cr
systems. b) Phase quantity diagram of Fe20Cr0.6Si0.4N as a function of temperature (Tsa = Solution annealing temperature).
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Figure 15. Isothermal phase diagrams calculated using the CALPHAD
method at a temperature of 1200 °C and a pressure of 150 MPa for the
Fel5Cr systems.

martensitic transformation during HIP-internal gas quenching.
Such a steel would represent a significant innovation, particularly
in the field of AM. Studies on PBF-LB/M manufacturing of nitrogen-
alloyed martensitic stainless steels, such as X30CrMoN15-1
(Cronidur 30, 1.4108), have demonstrated that due to the limited
nitrogen solubility in the melt, an N content of only 0.14 mass%
can be achieved.®*! Consequently, the corrosion resistance and
mechanical properties typically associated with the standard
composition of this steel (nitrogen content of 0.3-0.5 mass%)
cannot be fully realized until now.

7.4. Additional Overall Research Question

While previous investigations on CrNi steels have consistently
resulted in a single-phase austenitic structure, the application
of the Si3N, addition approach to other steel groups could yield
different outcomes. The observed opposing segregation behav-
iors of silicon and nitrogen, along with the resulting variations
in local austenite stability, suggest that the formation of ferrite
fractions during HIP is theoretically possible. This outcome
would be desirable in the case of duplex steels but would be det-
rimental to achieving a single-phase austenitic or martensitic
steel. Therefore, future research must focus on understanding
the dissolution behavior of Si3N, during HIP in different
FeCr systems, particularly in relation to the interaction between
chemical heterogeneity and phase formation mechanisms.
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