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Abstract

This dissertation explores the integration of oxide nanoparticles (NPs) into powder bed fusion using
a laser beam (PBF-LB/M) to fabricate oxide dispersion-strengthened (ODS) steels with enhanced
high-temperature performance. A simplified Fe20Cr alloy system was used to systematically
investigate how NP characteristics—such as size, morphology, crystallographic phase, and
distribution—affect microstructure evolution and mechanical behaviour.

Three peer-reviewed studies form the empirical foundation: Study | establishes the feasibility of a
fully laser-assisted process chain using laser-generated ZrO, NPs; Study Il compares nanoparticle
additivation methods (ball milling vs. dielectrophoretic deposition) using Y,Os; and Study Il examines
the influence of ZrO; synthesis route and loading on microstructure and mechanical response. Key
findings include that laser-generated NPs promote grain refinement and creep resistance, but suffer
from agglomeration at higher loadings, while chemically synthesized NPs provide superior grain
stability after heat treatment. The highest creep resistance (5.0 x 10®s™" at 600°C, 50 MPa) was
achieved using 1.0 vol% laser-generated ZrO, NPs.

The results highlight that ODS performance in AM systems depends less on theoretical particle
spacing and more on retained NP size and thermal stability. Additivation strategy, synthesis route,
and NP concentration must be jointly optimized to tailor short-term and long-term mechanical
properties. This work provides foundational insights and process guidelines for advancing ODS steel
design in laser-based additive manufacturing.



Abstract (German)

In diese Dissertation wird die Integration von Oxid-Nanopartikeln (NPs) in das pulverbettbasierte
Laserstrahlschmelzen (PBF-LB/M) zur Herstellung von oxiddispersionsgeharteten (ODS) Stahlen mit
verbesserter Hochtemperaturbestandigkeit untersucht. Als Modellsystem dient ein vereinfachter
Fe20Cr-Werkstoff, um systematisch zu analysieren, wie NP-Eigenschaften — insbesondere GrofBe,
Morphologie, Kristallstruktur und Verteilung — die Mikrostrukturentwicklung und das mechanische
Verhalten beeinflussen.

Die Arbeit basiert auf drei peer-reviewten Studien: Studie | untersucht die Machbarkeit einer

vollstandig laserbasierten Prozesskette mit lasererzeugten ZrO,-NPs. Studie 1l vergleicht
Additivierungsmethoden  (Pulverkugekmahlen vs. dielektrophoretische Deposition) unter
Verwendung von Y,0;. Studie Il analysiert den Einfluss der ZrO,-Syntheseroute und

Partikelkonzentration auf Mikrostruktur und mechanische Eigenschaften. Zentrale Ergebnisse zeigen,
dass lasererzeugte NPs Kornfeinung und Kriechbestandigkeit fordern, jedoch bei hdheren
Konzentrationen zur Agglomeration neigen. Chemisch synthetisierte NPs bieten hingegen eine
héhere Kornstabilitdt nach der Warmebehandlung. Die beste Kriechbestandigkeit (5,0 x 1078s™ bei
600 °C und 50 MPa) wurde mit 1,0 Vol.-% lasererzeugten ZrO,-NPs erreicht.

Die Resultate verdeutlichen, dass die Leistungsfahigkeit von ODS-Stahlen in der additiven Fertigung
weniger von theoretischen Partikelabstanden als vielmehr von der Stabilitat und GroBe der
eingebetteten NPs abhangt. Additivierungsstrategie, Syntheseroute und Partikelkonzentration
mussen gezielt aufeinander abgestimmt werden, um sowohl kurzfristige als auch
langzeitmechanische Eigenschaften zu optimieren. Diese Arbeit liefert grundlegende Erkenntnisse
und praxisrelevante Leitlinien zur Weiterentwicklung laserbasierter ODS-Stahlkonzepte in der
additiven Fertigung.
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1. General Introduction

1.1 Motivation and Relevance

The global transition to carbon-free energy production is both urgent and complex. [1] According to
the IPCC Sixth Assessment Report, global CO, emissions must be reduced by at least 42% by 2030
[2] to limit global warming to 1.5°C [3]. Simultaneously, global energy demand is expected to
increase by 24% by 2040, primarily driven by energy-intensive sectors such as steel, cement, and
petrochemicals [4]. Meeting these opposing demands requires more efficient energy generation
systems and the deployment of advanced technologies such as fusion power plants. These
developments call for structural materials capable of withstanding extreme thermal, mechanical, and
radiation loads in next-generation energy environments. [1, 5-8]

Oxide dispersion-strengthened (ODS) steels are among the most promising candidates. These
materials offer exceptional creep resistance, thermal stability, and microstructural integrity, making
them attractive for applications in advanced combustion engines, hydrogen turbines, and nuclear
fusion environments. [9, 10] A prominent example is EUROFER97, a ferritic ODS steel developed
within European fusion research (e.g., DEMO and IFMIF) for high-temperature components due to
its low activation characteristics and robust long-term performance.

The superior properties of ODS steels arise from a fine and stable dispersion of nanoscale oxide
particles within the matrix, which effectively hinder dislocation motion and grain boundary migration.
[11-13] Conventional processing routes, such as mechanical alloying [14] followed by hot isostatic
pressing (HIP), have proven effective but remain costly, complex, and difficult to scale.

Additive manufacturing (AM)—particularly laser powder bed fusion (PBF-LB/M)—has emerged as a
promising alternative. [15] PBF-LB/M offers near-net-shape manufacturing, material savings, and
opportunities for microstructural control. [12, 16-20] However, achieving homogeneous NP
dispersion and stable integration during AM remains a key challenge. Performance in ODS steels
depends critically on NP characteristics, especially particle size (typically 2-10nm), morphology, and
composition. These features govern dispersion behaviour, melt pool interactions, and long-term
stability in the solidified part. [21-24]

Chemical and physical synthesis methods have been shown to produce tailored oxide nanoparticles
(NPs) suitable for strengthening mechanisms. [25-27] Nevertheless, when introduced into the PBF-
LB/M process, issues such as agglomeration, loss, and non-uniform distribution often arise.

This dissertation addresses these challenges by systematically comparing two types of ZrO,
nanoparticles: one produced via laser ablation in liquids (LAL), and the other through conventional
chemical synthesis. This approach enables a detailed investigation of how synthesis route, dispersion
behaviour, and concentration affect microstructure and high-temperature mechanical properties in
a simplified alloy system.

Fe20Cr is employed as a model alloy to reduce compositional complexity and isolate NP-related
effects. This binary system captures the key characteristics of ferritic ODS steels while avoiding
confounding factors associated with more complex compositions, such as those in EUROFER97 [28],
PM2000 [29] or MA956 [30].



This dissertation investigates how:
o different NP types (ZrO, and Y,03),
e their synthesis methods (chemical vs. laser-based),
e and their additivation strategies (mechanical vs. dielectrophoretic)

influence NP dispersion, microstructure evolution, and selected high-temperature mechanical
properties before and after PBF-LB/M and subsequent heat treatment (HT). Emphasis is placed on
creep resistance in selected ZrO,-containing systems.

1.2 Research Questions

This dissertation addresses key challenges related to oxide nanoparticle integration in laser-based
AM of ODS steels. Using Fe20Cr as a model alloy, and investigating two oxide types (Y,O3 and ZrO,)
introduced via distinct synthesis and additivation methods, the following research questions are
formulated:

1) How and why do NP characteristics (size, morphology, chemistry) evolve from powder to solid
part during the LPBF-LB/M process?

2) How do theoretical predictions (e.g., by Rosler and Arzt) for NP size and interparticle distance
in the solid part correlate with experimental results?

3) How do different NP sizes and interparticle distances affect grain growth and NP
characteristics (e.g., size and spacing) in rapidly solidified microstructures and after heat
treatment?

4) How are NP size and distribution correlated with fundamental mechanical properties such as
strength and creep resistance?

By answering these questions, the dissertation aims to deepen the understanding of the interrelation

between nanoparticle (NP) design, feedstock preparation, and microstructural evolution in PBF-
LB/M-processed ODS steels.

1.3 Structure of the Dissertation

This dissertation consists of three peer-reviewed studies that explore various stages of NP integration
into Fe20Cr-based ODS alloys (see Appendix A, B, C):

l. GoBling, M., Rittinghaus, S.-K., Bharech, S., Yang, Y., Wilms, M.B., Becker, L., Weber, S., Xu, B.-
X., Gokce, B. (2023)
Towards enhancing ODS composites in laser powder bed fusion: Investigating the
incorporation of laser-generated zirconia nanoparticles in a model iron—chromium alloy.
Journal of Materials Research, 39 (5), 774-788.
DOI: 10.1557/s43578-023-01267-4

ll.  GoBling, M., Rittinghaus, S.-K., Radtke, F., Elsayed, A., Kusoglu, .M., Hariharan, A., Krupp, U.,
Gokce, B. (2024)
Oxide Distribution in PBF-LB/M-Processed ODS Steel: Effects of Ball Milling and
Dielectrophoretic Deposition in Powder Production. Powder Metallurgy, 68 (1), 29-40
DOI: 10.1177/00325899241304735



lll.  GoBling, M., Rittinghaus, S.-K., Radtke, F., Elsayed, A., Barrientos, M. M., Ziesing, U., Becker,
L., Kusoglu, I.M., Broeckmann, C., Krupp, U., Hariharan, A., Weber, S., Gokce, B. (2025)
Mechanical and Microstructural Effects of ZrO, Nanoparticles in Fe20Cr Oxide Dispersion-
Strengthened Alloys Processed by Laser Powder Bed Fusion
Advanced Engineering Materials, 2500317
DOI: 10.1002/adem.202500317

All three studies are co-authored. Mareen GoBling's specific contributions are outlined in Appendices
A-C, while the roles of co-authors are documented within each publication. Journals were selected
based on thematic relevance: Journal of Materials Research and Advanced Engineering Materials
focus on materials science and microstructure—property relationships, while Powder Metallurgy
addresses feedstock-related aspects relevant to NP dispersion.

The dissertation is structured as follows:

— Chapter 1 introduces the motivation, relevance, and research questions.

— Chapter 2 provides the scientific background on ODS steels, strengthening mechanisms, and
challenges in AM.

— Chapter 3 summarizes the methodology and main findings of the three core studies.

— Chapter 4 integrates the findings, addressing the research questions through thematic
analysis, limitations, and implications for practice.

— Chapter 5 concludes the work, highlighting its main contributions and identifying future
research directions.



2. Scientific Background

The following subchapters provide an overview of ODS materials in AM, including the fundamental
strengthening mechanisms, the role of NPs, their generation methods, and their significance in
enhancing ODS properties.

2.1 Oxide Dispersion Strengthened Steels

ODS alloys have been developed since the 1970s, originally for nuclear applications due to their
exceptional thermal and radiation stability. Early ferritic systems, such as DT and DY (13wt% Cr,
CEN/SCK, Belgium) and MA957 (14wt% Cr, INCO, USA), were tailored for extreme environments. In
the 1990s, Japanese research (PNC) refined these materials by optimizing Y,O; dispersion and
improving mechanical performance. Around 2000, renewed interest arose following the discovery of
nanoclusters in 12YWT alloys, revealing high densities of Ti-, Y-, and O-enriched oxides. [31]

ODS steels are metallic composites containing thermally stable oxide particles that impede
dislocation motion and grain boundary migration. This leads to enhanced strength at elevated
temperatures, improved creep resistance, and higher radiation tolerance. Their performance depends
critically on oxide particle size, distribution, and the nature of the oxide—matrix interface. Powder
metallurgy routes—most commonly mechanical alloying followed by consolidation via HIP, hot
extrusion, or SPS—are used to achieve these dispersions. Subsequent thermomechanical treatments
such as hot rolling can further refine the microstructure and improve creep properties. [32]

The formation and stability of oxides are governed by alloy composition and processing temperature.
In Fe—14Cr alloys consolidated by HIP, oxide formation begins around 450°C and continues up to
1100°C, with minimal coarsening during annealing.[33] In contrast, Fe—Cr-Al systems show more
complex precipitation behaviour, influenced by alloying elements like Al, Zr, or Hf. Depending on the
local chemistry, stable oxides such as YAIO3, Y3AlsO4,, Al,O3, and Y-Hf-O phases may form. [34, 35]
High Cr content and the presence of Al favour phase complexity and promote coarsening. For
example, Al-containing ferritic ODS steels often form larger oxide particles (e.g., Y203, TiO3), which
reduce dispersion effectiveness due to Ostwald ripening. [36] The oxide-matrix orientation
relationship is also temperature-sensitive. In PM2000, for instance, cuboid-on-cube alignment of
YAIO;-type NPs is observed in the as-extruded state, but this orientation deteriorates after annealing
at 1200 °C and partially reorients at 1300 °C. [37]

Overall, these observations highlight the strong interplay between alloy composition, processing
conditions, and oxide particle evolution. To isolate and better understand these interactions, this
work uses a simplified binary Fe—Cr alloy system (Fe20Cr). This model retains the key features of
ferritic ODS steels while reducing compositional complexity, allowing systematic analysis of NP
characteristics, dispersion behaviour, and their impact on microstructure and mechanical
performance under AM conditions.

2.2 Strengthening Mechanisms in ODS Alloys

The mechanical properties of metals can be improved by various strengthening mechanisms,
including solid solution strengthening, work hardening, grain boundary strengthening, precipitation
hardening, and Orowan strengthening. In ODS alloys, several mechanisms may contribute, but at
elevated temperatures, Orowan-type dislocation bypassing is dominant due to the high number
density of stable oxide NPs. [38]



Orowan strengthening describes the bowing of dislocations between non-shearable particles,
forming loops that increase the stress required for continued plastic deformation. The corresponding
shear stress (7p,) is given by [39]:

. Gb
tor =7 oR

where (G) is the shear modulus, (b) the Burgers vector, (L) the interparticle distance (IPD), and (2R)
the particle diameter. According to theoretical models by Arzt and Rosler, maximum strengthening
occurs with particle sizes below ~10nm, provided the particle spacing is optimized. However, very
small particles (<10nm) may enable thermally activated dislocation detachment, which limits their
effectiveness. [39]

If the oxide particles are coherent or semi-coherent, they can be cut by dislocations. In this case, the
required shear stress scales with VR. A transition between shearing and bypassing occurs at a critical
particle size 7 o« RY/2, which marks the point of maximum yield strength (see Figure 1). [39]
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Figure 1 The interplay between dislocation cutting and bypassing results in a peak in yield strength (oy) as a
function of particle radius (R). Cutting stress increases with YR, while bypassing stress decreases with 1/R. The
maximum o, occurs at the crossover point with an optimal particle size R. (redrawn after Gottstein, 2011 [40])

In practical ODS steels, oxides typically range from 1 to 100nm [32, 36, 41-43], with optimal
strengthening achieved by dispersoids between 2 and 10 nm. Particle number densities between 10°
and 10% particles per cubic meter [33, 44-46], yielding interparticle distances (IPDs) of 10-1000 nm
[44] enhance strength by several hundred MPa [32]. For example, 2-5nm Y, Ti,O particles in Fe-14Cr
or ~5nm dispersoids in Fe-12Cr-2W-0.5Y,0; have demonstrated superior high-temperature
strength and grain refinement (~280nm vs. ~350nm), enhancing creep resistance through Zener
pinning. [44, 46]

Besides size and distribution, the chemistry and crystal structure of oxide NPs also affect their
performance. Coherent or semi-coherent particles like Y;Al,O9 (YAM) below 10nm can improve
strength at intermediate temperatures[47], whereas larger, incoherent particles (>20nm) offer
stronger dislocation resistance but may compromise ductility [47, 48]. Poor bonding or wetting at
the interface can lead to clustering and reduced performance [48].

Alloy composition and thermomechanical processing influence both grain structure and oxide
behaviour. Alloying with Ti or Al refines grains and improves high-temperature stability [49-51].
Recrystallization and grain growth from 0.4 to 1.1 um during HT enhance creep resistance [52] and
deformation-induced recrystallization has also been observed [53].



However, mechanical alloying—a common method for feedstock preparation—can induce NP
agglomeration and deformation, reducing dispersion quality [44, 54]. Prolonged milling affects
powder morphology and flowability, complicating subsequent processing steps [55].

At elevated temperatures, creep behaviour is governed not only by classical Orowan mechanisms
but also by thermally activated dislocation detachment. According to Rosler and Arzt, the creep rate
¢ follows an Arrhenius-type equation [56]:

. Eq
& = &yexp <—kB—T>

where E, is the activation energy for detachment, kg the Boltzmann constant, and T the absolute
temperature. This model highlights the role of interface properties—such as coherency and bonding
strength—in high-temperature deformation.

Experimental data confirm that creep resistance in FeCr-based ODS steels correlates with NP size,
particle density, and grain structure. Typical test conditions range from 600-1000°C and 150-

425 MPa. [57] While direct creep rates are rarely reported, derived parameters—activation energies
(~581kJ/mol [58]), stress exponents (n = 5-18 18 [58-60]), and a threshold stress of ~145MPa [59]
—offer insights into the governing mechanisms. Increasing Y,0O; content (e.g., from 0.38 to 1wt%)
in Fe—18Cr alloys improves creep strength by increasing the number of effective pinning sites[58].

In summary, the high-temperature performance of ODS steels is enabled by a synergistic interplay
of Orowan strengthening, grain boundary pinning, and structural stability. These mechanisms are
sensitive to NP size, spacing, chemistry, and matrix interaction—parameters that are in turn dictated
by synthesis and additivation strategies. This work specifically investigates how different NP types
(ZrO3 vs. Y203), synthesis methods (chemical vs. laser-based), and integration routes (mechanical vs.
dielectrophoretic) affect NP behaviour and mechanical performance in Fe20Cr-based ODS alloys.

2.3 Additive Manufacturing of ODS Alloys: Opportunities and Challenges

AM, particularly PBF-LB/M, offers promising advantages for ODS alloys, including near-net-shape
fabrication, refined microstructure control, and improved material efficiency. However, transferring
ODS concepts into AM processes presents significant challenges—chiefly due to the interaction of
oxide NPs with the rapidly changing thermal and fluid dynamic environment of the melt pool.

Well before laser exposure, the quality of the powder bed plays a critical role. Flowability and packing
density depend on particle morphology, surface texture, and interparticle forces. Mechanically
alloyed powders, commonly used in ODS systems, often suffer from irregular shapes and rough
surfaces. These characteristics reduce powder bed homogeneity and can lead to density variations
in the final part, compromising component integrity. [61-64]

Mechanical alloying methods such as ball milling (BM) are widely applied for NP incorporation [65-
67]. Through repeated cold welding and fracturing, a fine oxide dispersion can be achieved. Yet,
prolonged milling increases the risk of NP agglomeration and alters powder morphology—leading
to reduced flowability and packing density. [68-70]. Thermomechanical effects, such as matrix
amorphization or phase changes, may also arise under excessive milling conditions [71, 72]. As
milling parameters strongly influence these outcomes, precise control is essential to avoid
contamination or work hardening [73, 74].



These powder-related factors carry over into the melting process. Oxide NPs may partially or fully
dissolve in the melt pool, especially under high thermal loads or in reactive environments. Their final
size and distribution are governed by diffusion kinetics and solidification behaviour [75, 76] While
some studies observed complete dissolution of Y,O3; and subsequent re-precipitation into Y-Si-O
phases [77], others reported thermal stability under milder exposure conditions [78]. When elements
like Y and O dissolve and redistribute, complex oxides such as Y-AI-O may form [79], which can
reduce strengthening efficiency if not homogeneously integrated. Undissolved or agglomerated
particles may migrate to the melt pool surface due to buoyancy effects, forming slag and reducing
NP incorporation efficiency [80-82].

Solidification dynamics further influence NP incorporation. At low cooling rates, particles may be
rejected at the solid-liquid interface, leading to segregation and heterogeneous microstructures [83—
85]. Compared to PBF-LB/M, techniques such as directed energy deposition (DED) typically yield
coarser structures and lower NP densities due to larger melt pools and slower cooling rates. [86-88]

Within PBF-LB/M itself, process parameters like laser power and scan speed directly affect dispersoid
formation. For example, higher power and slower scanning increase thermal exposure and promote
oxide coarsening. Conversely, faster scanning reduces thermal impact, favoring finer and more
numerous particles. Hou et al. [89] demonstrated that increasing scan speed from 1.2 to 1.6m/s
reduced the mean Y,Oj; particle size from 21 to 16 nm and simultaneously increased number density.
In comparison, conventional ODS materials such as MA754 exhibit far higher dispersoid densities
and volume fractions, highlighting the need for further process optimization in AM. [89]

Alloy composition also plays a role. For instance, increasing aluminum content (0.4 to 2.5 wt%) in 9Cr
ODS steels results in coarser Y-AI-O dispersoids (14.2 to 20.9 nm) due to thermodynamic
stabilization of YAIO; and Y3AlsO4,, accompanied by a reduced particle number density. [90] Similar
trends have been reported for Ni-based alloys, where Al (1 wt%) promotes the formation of larger
inclusions from 21 nm to 27 nm and reduces dispersoid volume fractions from 0.24% to 0.15%. [89]

Direct observation of these effects during processing remains difficult. In-situ X-ray imaging can
reveal melt pool phenomena such as porosity or keyhole formation, [91] but lacks the resolution to
track nanoscale particles. Tracer particle experiments using larger ceramics (~5um) help visualize
melt pool flow and redistribution patterns, [92] offering indirect insights into NP behaviour.
Nonetheless, the underlying mechanisms of NP evolution in PBF-LB/M remain incompletely
understood, complicating process optimization.

Overall, achieving fine and stable oxide dispersions in AM-produced ODS steels requires a detailed
understanding of how powder properties, process parameters, alloy composition, and thermal
profiles interact. This dissertation addresses these complexities by comparing laser-generated and
chemically synthesized NPs, combined with different additivation strategies, to evaluate their impact
on NP retention, distribution, and the resulting microstructure in Fe20Cr-based alloys processed via
PBF-LB/M.

2.4 ODS Feedstock Preparation

The preparation of NP-functionalized feedstocks is a critical step in fabricating ODS alloys via AM.
Not only must the NPs be well-dispersed and thermally stable, but their integration must also
preserve powder flowability and ensure compatibility with the PBF-LB/M process. This section
outlines the strategies used to modify metal powders with oxide NPs and describes how the synthesis
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route affects their size, morphology, and phase composition. These parameters form the basis for
the tailored powder systems used in this work.

2.4.1 Nanoparticle Additivation Strategies in Metal Powder Processing

Two complementary techniques were selected for the integration of oxide NPs into Fe20Cr-based
powders: mechanical BM and dielectrophoretic deposition (DD). Both aim to achieve homogeneously
distributed NPs but differ fundamentally in process conditions and their influence on powder
characteristics.

BM relies on repeated cold welding, fracturing, and rewelding under high-energy collisions. This
promotes strong connection between metal and oxides and enables atomic-scale mixing. Under
optimized conditions, supersaturation of alloying elements and the formation of sub-nanometer
clusters can occur, as demonstrated for Y-Ti-O-Cr systems. [93-95] However, prolonged milling
promotes agglomeration, surface roughening, and the development of irregular particle shapes—
leading to poor flowability and limited PBF-LB/M compatibility. [61-64] Excessive impact energy can
also trigger amorphization or unwanted phase transformations in ferritic matrices. [71, 72] To avoid
these effects, careful optimization of milling parameters is essential, including energy input,
atmosphere, and time. [68, 69, 73, 74, 95]

In contrast, DD enables NP coating via the application of non-uniform electric fields to a suspension
containing both metal powders and oxide NPs. The dielectrophoretic force selectively moves
particles based on their polarizability relative to the medium, allowing NPs to attach to powder
surfaces without mechanical deformation. This preserves powder morphology and flowability, if
suspension stability and field strength are well-controlled. Key variables such as solvent properties,
NP size, conductivity, and field frequency influence coating homogeneity and prevent clustering or
incomplete deposition. [95, 96]

Each strategy exhibits trade-offs: BM ensures strong oxide—matrix interaction but often degrades
particle morphology, while DD enables gentle deposition but is more sensitive to processing
conditions. This dissertation exploits these contrasts by deliberately applying both methods to
produce feedstocks with distinct NP distributions and morphologies. Their influence on NP
integration, microstructure evolution, and mechanical behaviour is systematically investigated in the
subsequent chapters.

2.4.2 Nanoparticle Synthesis: Conventional and Laser-Based Approaches

The effectiveness of oxide NPs in ODS alloys strongly depends on their physical and chemical
characteristics. In this work, two types of ZrO, NPs are used: commercially synthesized and laser-
generated NPs produced via LAL.

Conventional chemical synthesis techniques such as sol-gel, co-precipitation, and hydrothermal
methods offer control over size and morphology by adjusting parameters like precursor
concentration, pH, and reaction time. [97-100] However, these methods often yield broad size
distributions and irregular morphologies and may require surfactants or stabilizers that hinder NP—
matrix bonding. Agglomeration during drying, limited reproducibility, and chemical residues pose
further challenges. [101-104]

LAL represents a clean, top-down alternative, where high-energy laser pulses ablate a solid target
submerged in liquid, forming a plasma and cavitation bubble in which NPs nucleate and cool rapidly.
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[27, 105] This approach avoids chemical precursors and produces ligand-free particles, making it
ideal for integration into metal powders. Laser parameters—such as fluence, pulse duration, and
repetition rate—as well as the choice of liquid medium significantly affect particle size, crystallinity,
and surface properties. [106, 107] Ultrafast lasers tend to yield finer and more uniform particles
(<30 nm), while nanosecond lasers produce broader distributions (20-150 nm). [27, 105, 107] Solvent
composition and additives like SDS can further modify nucleation dynamics and crystal phase
formation. [106]

In this work, the laser-generated ZrO, NPs exhibit narrow size distributions below 10 nm, spherical
morphology, and a tetragonal crystal structure. These properties are favorable for homogeneous
dispersion and effective Orowan strengthening. By contrast, the chemically synthesized ZrO, NPs
display a wider size range, monoclinic structure, and irregular shapes, potentially leading to larger
inclusions and less uniform retention during PBF-LB/M. The contrasting nature of these particles
provides a basis for directly comparing how synthesis routes influence final microstructure and
mechanical performance.



3. Summary of Publications

In this chapter the three peer-reviewed studies are summarized and form the empirical base of this
dissertation. The central objective is to understand how NP characteristics—particularly size,
morphology, and crystal structure—as well as their additivation strategy affect NP dispersion,
microstructural development, and high-temperature mechanical properties in Fe20Cr-based ODS
steels produced via PBF-LB/M.

The studies follow a targeted, hypothesis-driven approach to address four key research questions:

1) How and why do NP characteristics evolve from powder to solid part during the LPBF-LB/M
process?

2) How do theoretical predictions for NP size and interparticle distance in the solid part correlate
with experimental results?

3) How do different NP sizes and interparticle distances affect grain growth and NP
characteristics in rapidly solidified microstructures and after heat treatment?

4) How are NP size and distribution correlated with fundamental mechanical properties such as
strength and creep resistance?

Building on the background in Chapters 1 and 2, this chapter positions each study within the process—
structure—property framework, which is fundamental to materials science. It highlights how material
selection (e.g., Fe20Cr, ZrO,, Y,03), powder preparation and processing strategies (e.g., PBF-LB/M,
LAL, DD, BM), and resulting microstructures (e.g., grain size, NP dispersion) interact to determine the
mechanical behaviour of the final part. This conceptual framework is illustrated in Figure 2.

Material
* Chemical composition
» Diverse Nanoparticle

Figure 2 Interrelation of material, process, and microstructure in determining material properties.
Each study targets a specific aspect of this framework:

— Study | assesses the feasibility of using laser-generated ZrO, NPs.
— Study Il compares additivation methods (BM vs. DD) using Y,Os.
— Study Il investigates how ZrO, synthesis route and content affect microstructure and

mechanical performance.
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3.1 Overall Methodology
The experimental approach of this dissertation follows a structured three-step workflow (Figure 3):

(@) synthesis of oxide NPs with distinct sizes, morphologies, and crystallographic phases; (b)
integration of these NPs into Fe20Cr powder via either BM or DD; and (c) processing of ODS
specimens by PBF-LB/M, followed by microstructural and mechanical characterization.

A binary Fe20Cr alloy was used throughout all studies as a simplified model alloy to isolate NP-
related effects. Its binary composition avoids complex oxide formation and secondary strengthening
mechanisms typical in multicomponent systems (e.g., PM2000, EUROFER97), enabling clearer
interpretation of NP behaviour under AM conditions. Two oxide types were investigated; Y,O; (used
in Study Il to compare additivation methods), and ZrO, (studied in Study | and Ill using both laser-
generated and chemically synthesized variants at 0.1 and 1.0 vol%)

NP synthesis was conducted via LAL or chemical sol-gel method, resulting in particles with varied
sizes, shapes, and phase compositions. NP integration was achieved by BM or DD, yielding feedstocks
with distinct surface coverage, dispersion quality, and retention behaviour. AM was performed using
PBF-LB/M with standardized parameters across all studies, followed by selected HT.

Characterization included Scanning Electron Microscope (SEM), Transmission Electron Microscope
(TEM), Electron Channeling Contrast Imaging (ECCI), EBSD, and XRD to assess NP dispersion, grain
size, and phase composition. Mechanical properties were evaluated via hardness testing, high-
temperature compression (600 °C), and steady-state creep measurements.

Based on Study II, which showed that DD offers better dispersion and flowability than BM, the follow-
up Study Il adopted DD to systematically investigate the effects of NP synthesis route and loading
under otherwise identical processing conditions.

Across all investigations, the aim was to establish clear structure—property relationships by linking
NP characteristics—size, distribution, morphology, phase stability—with microstructural evolution
(e.g., interparticle spacing, grain refinement) and key strengthening mechanisms, especially Orowan
strengthening and grain boundary pinning. This methodology directly supports the research
questions outlined in Chapter 1 and provides the foundation for the interpretation of AM-processed
ODS steels presented in Chapter 4.

a) b) c)
||
|
| LS
- e %{&
Dielectrophoretic :
Laser-generated Deposition (DD)
= |
kT
= ’ Ball \= %
Chemically produced M'"'?g &
Nanoparticle Additivation
Synthesis Methods Additive Manufacturing

Figure 3 Overview of processes analysed within this dissertation.
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3.2 Study I
GoBling, M., Rittinghaus, S.-K., Bharech, S., Yang, Y., Wilms, M.B., Becker, L., Weber, S., Xu, B.-X., Gokce,
B. (2024)

Towards enhancing ODS composites in laser powder bed fusion: Investigating the
incorporation of laser-generated zirconia nanoparticles in a model iron-chromium alloy.

Journal of Materials Research, 39 (5), 774-788
DOI: 10.1557/s43578-023-01267-4

CRediT Authorship Contribution of Mareen GoBling: Investigation, visualization (lead), writing-
original draft preparation (lead).

3.2.1 Objective

This study aimed to evaluate the feasibility of a fully laser-assisted process chain for producing ODS
composites using PBF-LB/M. The approach combines LAL for synthesizing ZrO, NPs, DD for powder
additivation, and AM via PBF-LB/M. The central goal was to trace NP behaviour during each
processing stage and explore whether laser-generated ZrO, NPs could be effectively integrated into
a Fe20Cr matrix to enhance material properties.

3.2.2 Key Findings

The study successfully established a fully laser-assisted process chain combining LAL for NP
synthesis, DD for powder additivation, and PBF-LB/M for consolidation. Laser-generated ZrO, NPs
with a narrow size distribution (dsp = 3.8nm; dgo = 10nm) were homogeneously deposited onto
Fe20Cr powders without altering particle morphology or flowability. The consolidated parts were
dense and crack-free, exhibiting a relative density of 98.3%, slightly below the 99.7% of the non-
additivated reference. Despite the relatively high NP loading (0.8 wt% = 1.0vol%), no significant grain
refinement was observed in the as-built (AB) state, and the room-temperature hardness remained
nearly unchanged at 217.4 + 11 HV,.1 compared to 219.2 £ 9 HV,.¢ for the reference material. These
findings were attributed to the limited wetting behaviour of ZrO, in the Fe—Cr melt, which hindered
heterogeneous nucleation during solidification and leading to lower densities.

3.2.3 Conclusion

Study | contributes to the first and second research questions of this dissertation. It provides direct
numerical and experimental evidence for the evolution of NP size and distribution during processing,
as well as initial comparisons with theoretical dispersion expectations. At the high NP concentration
of 1 vol%, no noticeable changes in grain size were observed, which was in line with expectations. In
contrast, Study Ill reported clear grain refinement under similar conditions, due to the use of SEM-
EBSD analysis, whereas the present study relied on Light optical microscopy (LOM) with limited
spatial resolution. (cf. Chapter 3.3).

The study thus confirms the technical feasibility of using laser-generated ZrO, NPs for ODS
production via AM and highlights DD as a promising additivation technique. However, it also reveals
that microstructural and mechanical enhancements remain moderate unless agglomeration, wetting,
and dispersion behaviour are precisely controlled and analysed with appropriate microstructural
techniques.
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In the broader context of this thesis, Study | serves as a methodological and conceptual foundation:
it validates the process chain and identifies key variables—NP size, wetting, agglomeration—which
must be optimized to realize effective particle strengthening in ODS steels. Future studies build upon
these findings to refine the relationships between NP characteristics, dispersion, and high-
temperature mechanical performance.

3.3 Study II
GoBling, M., Rittinghaus, S.-K., Radtke, F., Elsayed, A., Kusoglu, I.M., Hariharan, A., Krupp, U., Gokce,
B. (2024)

Oxide Distribution in PBF-LB/M-Processed ODS Steel: Effects of Ball Milling and
Dielectrophoretic Deposition in Powder Production.

Powder Metallurgy, 68 (1), 29-40
DOI: 10.1177/00325899241304735

CRediT Authorship Contribution of Mareen GoBling: conceptualization (lead), writing — original
draft (lead) and investigation.

3.3.1 Objective

This study compared two additivation techniques—BM and DD—for incorporating 1vol% Y,O3; NPs
into Fe20Cr powder. The goal was to assess how each method affects powder morphology, NP
retention, and the resulting distribution and size of NPs in PBF-LB/M parts. These findings directly
inform Research Questions 1 and 3.

3.3.2 Key Findings

Both methods enabled production of dense parts (>99.8% relative density). DD preserved powder
morphology and achieved slightly finer and more homogeneous NP dispersion (74 nm size, 826 nm
IPD) compared to BM/120 min (77 nm, 790 nm) and BM/40min (108 nm, 1114 nm). SEM confirmed
better surface coating via DD, while BM induced minor deformation.

Powder flowability and packing density were superior for DD (Hausner ratio 1.09, packing density
50.5%), due to the spherical morphology and reduced interparticle friction. Yttrium retention
decreased during processing for both methods (~65-70% loss), attributed to evaporation and
ejection effects.

Although all methods enabled NP integration, DD resulted in a more favorable combination of
dispersion, flowability, and powder morphology. Notably, differences in NP positioning—embedded
in BM vs. surface-coated in DD—influence NP—-melt interaction, affecting final distribution.

3.3.3 Conclusion

Both BM and DD are suitable for preparing ODS feedstocks for PBF-LB/M. However, DD achieved
slightly better NP dispersion and powder handling characteristics. Despite similar Y,O; loadings, DD
showed slightly reduced Y content in the final part, underlining integration challenges in AM. These
results emphasize the importance of optimized additivation strategies for achieving homogeneous
NP distribution and highlight DD as a promising route for future development.
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3.4 Study III
GoBling, M., Rittinghaus, S.-K., Radtke, F., Elsayed, A., Barrientos, M. M., Ziesing, U., Becker, L.,
Kusogdlu, .M., Broeckmann, C., Krupp, U., Hariharan, A., Weber, S., Gokce, B. (2025)

Mechanical and Microstructural Effects of ZrO, Nanoparticles in Fe20Cr Oxide Dispersion-
Strengthened Alloys Processed by Laser Powder Bed Fusion

Advanced Engineering Materials, 2500317
DOI: 10.1002/adem.202500317

CRediT Authorship Contribution of Mareen GoBling: Conceptualization (equal), Writing - Original
Draft (lead), Investigation

3.4.1 Objective

Study Il examined how the synthesis route and loading of ZrO, NPs influence their integration,
distribution, and strengthening behaviour in Fe20Cr ODS steels fabricated by PBF-LB/M. Chemically
synthesized and laser-generated NPs were each added at 0.1 and 1.0 vol%, allowing comparison
under standardized processing conditions. The study focused on how initial NP features (size,
morphology, crystallographic phase) affect dispersion, IPD, grain evolution, and mechanical
performance after PBF-LB/M and HT.

3.4.2 Key Findings

Laser-generated NPs exhibited narrow size distributions (Dgo~10 nm) and a tetragonal phase,
resulting in fine grain structures (~0.45um at 0.1 vol%) in the AB state. Chemically synthesized NPs
were larger (Dgo=1257 nm, monoclinic) and less uniform but enabled better grain size stability post-
HT.

Agglomeration was more pronounced in high-loading (1.0 vol%) laser NP samples, which increased
IPD (734 £ 475 nm) and reduced particle integration, despite favorable initial dispersion. Compression
testing at 600°C showed the highest flow stress (252 + 7MPa) for samples with 0.1 vol% chemical
synthesized NPs, correlating with small grains and moderate IPD. Creep testing at 600 °C and 50 MPa,
however, identified samples with 1.0 vol% Laser generated NPs as the best performer (5.0 x 1078s™),
despite larger IPD, due to retained small NP size and higher particle count.

Thus, short-term strength correlated with grain size, whereas long-term creep resistance was more
sensitive to NP retention and dispersion quality. Excessive NP loading (1.0 vol% laser-generated) led
to clustering but still outperformed other variants in creep resistance due to its fine, stable
dispersoids.

3.4.3 Conclusion

Study Il highlights the interplay between NP type, size, and dispersion in determining microstructure
and mechanical response. Laser-generated NPs provide initial benefits in refinement and dispersion
but show limitations at higher concentrations due to agglomeration. Chemically synthesized NPs
offer better stability after HT and perform more consistently at lower loadings.
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The findings emphasize that high creep resistance is achieved through stable, finely dispersed NPs
at sufficient concentrations, while short-term strength is governed by grain size. These results provide
a clear pathway for tailoring NP-based strengthening strategies in AM-processed ODS steels.
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4. Integration of Findings and Discussion

This chapter discusses the core findings of the three studies in direct relation to the research
questions posed at the beginning of this work. Rather than restating individual results, the aim is to
provide a thematic synthesis that clarifies where the studies align, diverge, or expand on existing
knowledge, and how they collectively deepen our understanding of NP-reinforced ODS steels under
PBF-LB/M conditions.

The discussion is structured around four central research questions:

1) How and why do NP characteristics (size, morphology, chemistry) evolve from powder to solid
part during the LPBF-LB/M process?

2) How do theoretical predictions (e.g., by Rosler and Arzt) for NP size and interparticle distance
in the solid part correlate with experimental results?

3) How do different NP sizes and interparticle distances affect grain growth and NP
characteristics (e.g., size and spacing) in rapidly solidified microstructures and after heat
treatment?

4) How are NP size and distribution correlated with fundamental mechanical properties such as
strength and creep resistance?

Special attention is given to the NP synthesis and additivation strategies, as these were identified as
key parameters influencing dispersion quality, integration, and strengthening effectiveness. The

chapter concludes with a summary of the research questions and outlines implications for the future
design and integration of oxide NPs in elevated temperature AM applications.

4.1 Nanoparticle Evolution during PBF-LB/M: From Powder to Part

The first research question of this dissertation addresses how and why NP characteristics—such as
size, morphology, distribution, and phase—change during the PBF-LB/M process. While initial
properties are determined by the synthesis route, it is the thermal and fluid-dynamic environment of
the melt pool that governs their transformation and retention in the final part.

Across all three studies, a clear trend of NP loss was observed during processing. Particularly in
samples prepared via DD, where particles are attached to the surface, significant losses occurred—
due to ejection, evaporation, or insufficient embedding. BM, in contrast, facilitated deeper particle
integration into the powder and resulted in higher retention. For example, Y retention in Study |
reached 0.22 wt% for BM compared to 0.15 wt% for DD. This leads to the conclusion that integration
and dispersion also correlate with particle positioning. While DD enables more uniform surface
coating and smaller final NP sizes, it exposes particles directly to the melt pool, increasing the risk of
loss. BM, in contrast, sacrifices some homogeneity but enhances thermal shielding.

Study Il showed that laser-generated ZrO, NPs, although initially fine (Dgo = 10 nm), were susceptible
to agglomeration and coarsening. Chemically synthesized ZrO, NPs, despite a much broader and
larger size distribution (Dgo > 1200 nm), remained more size stable during PBF-LB/M. This may be
due to weaker van der Waals forces acting between the larger particles, combined with their lower
number density in the melt pool—reducing collision frequency and aggregation.

In addition the SEM and ECCI analysis in Study Ill showed that ZrO, NPs tend to segregate to grain
boundaries during solidification—Ilikely due to being pushed ahead of the solid-liquid interface, a
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phenomenon described in prior AM literature [83—-85]. Notably, the applied scan speeds (up to
915 mm/s) were lower than those in other studies that achieved full NP embedding (1600 mm/s in
[89]), potentially limiting retention. Compared to other laser-based AM systems in the literature,
which typically operate with laser spot sizes of 80-150 um, the Aconity MINI system used in Studies
[-11l features a smaller spot diameter of 50 um. This reduced spot size results in smaller melt pools
and higher cooling rates, yet it appears insufficient to fully prevent NP segregation.

Complementary findings from Studies |, Il and Il point toward a lower agglomeration tendency for
ZrO, compared to Y,0s, supported by numerical simulations in Study | and experimentally verified
in Study Il with SEM and Study Ill via ECCl and SEM. For instance, the average IPD for ZrO, was
445 + 309 nm, while Y,O3 reached 826 + 103 nm at the same volumetric loading (cf. Figure 4). This
difference occurred despite Y,05's finer initial size, suggesting that small particles are more prone to
clustering due to stronger surface forces and higher number density (cf. Figure 5). The potential
influence of material constants—such as the Hamaker constant—was initially modeled in Study | and
may partly explain the superior dispersion of ZrO,. However, a direct comparison using matched
particle size and morphology would be necessary to isolate material-specific effects from those
arising due to synthesis or integration. Differences in imaging sensitivity and particle statistics
between studies further complicate this interpretation and highlight the need for consistent analysis
protocols.

1000+

C-1.0 Y203 C-1.0 Zro2
Samples

Figure 4 Interparticle distance of PBF-LB/M Samples containing 1 vol% of chemically produced Y>03 and ZrO;
additivaded via dielectrophoretic deposition onto Fe20Cr pre-processing.

However, a direct comparison is complicated by differences in the initial NP properties, which arise
from varying suppliers and synthesis methods (see Figure 5). The Y,O; particles in Study Il had
nominal sizes of 32-36 nm, with undefined morphology ranging from spherical to plate-like (c-e). X-
ray diffraction (XRD) confirmed a cubic crystal structure (a). In contrast, the ZrO, NPs used in Study
[l exhibited a significantly broader size distribution (Dgo > 1200 nm), dendritic morphology (f, g), and
a monoclinic crystal structure (b), with only a small fraction of sub-20 nm spherical particles(h). These
differences in size, morphology, and crystal structure must be considered alongside the Hamaker
constant when interpreting agglomeration behaviour.
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Figure 5 XRD of chemically produced ZrOz(a), Y-O3(b) and electron imaging in different magnifications of ZrO;
(c-e) and Y203 (f-h)

The role of synthesis method becomes even more apparent when considering phase stability. Laser-
generated ZrO, showed a tetragonal structure, while chemically produced ZrO, particles were
monoclinic. No direct phase transformation was observed during processing, but the tetragonal
phase may be metastable and sensitive to thermal or residual stress. Whether phase changes occur
during PBF-LB/M or post-processing remains an open question and warrants further study, for
instance using ATOM PROBE TOMOGRAPHY (APT) or TEM.

In summary, the evolution of NPs during PBF-LB/M depends not only on their initial size and phase,
but on their ability to withstand rapid thermal cycling, survive melt pool turbulence, and avoid
clustering. While laser-generated NPs offer ideal starting characteristics, chemically synthesized
particles proved more stable and better retained. Thus, successful NP integration requires balancing
initial morphology, embedding depth, and compatibility with the process conditions.

4.2 Nanoparticle Spacing and Deviation from Theoretical Models

The second research question examines how theoretical predictions regarding optimal NP (NP) size
and IPD—such as those proposed by Rosler, Arzt, and Scattergood & Bacon—compare with
experimental observations in PBF-LB/M-processed ODS steels. While these models offer useful
frameworks for maximizing Orowan strengthening (e.g., particles <10 nm, closely spaced, thermally
stable), their assumptions often diverge from the complexities of AM practice.

-1
The model by Scattergood and Bacon [108] introduced a combined parameter X = (%—%) ,

linking particle radius R and spacing L to account for dislocation bowing between obstacles. As R
decreases, the required bypass stress increases—but only under the condition of uniform, non-
agglomerated particles. Conversely, larger particles can achieve similar strengthening effects at wider
spacing. This trade-off between particle size and spacing is critical for translating idealized Orowan
strengthening into processable alloy systems. However, implementing such theoretical ideals in AM
practice is challenging, as demonstrated by the experimental data from Studies Il and III.

Study Il provided the first experimental IPD data for PBF-LB/M-processed Fe20Cr steels containing
chemically synthesized Y,Os;. IPDs ranged from 826 to 1114 nm, with average particle diameters
between 74 and 108 nm—uwell above theoretical targets. Although DD improved particle dispersion
and flowability, clustering and partial sintering during processing limited spacing control.
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Study Il expanded this view by comparing ZrO, particles produced via LAL and sol-gel synthesis.
Despite a higher IPD (~734 +£475 nm) for laser-generated NPs, the corresponding sample showed
the lowest steady-state creep rate—linked to the smallest retained particle size post-processing.
Chemically synthesized ZrO, yielded closer spacing (445 %309 nm), but slightly lower creep
performance, highlighting that particle size and stability can outweigh IPD as dominant factors in
long-term strengthening.

These findings challenge the assumption that spacing alone governs Orowan strengthening.
Especially under high-temperature loading, particle coarsening resistance and final retained size
appear more critical than perfect spacing. This shift in perspective is essential when designing alloys
for creep resistance under rapid thermal cycling.

It should be noted, however, that the applied imaging techniques (SEM, ECCI) impose detection limits
(~20-50 nm in SEM; ~10-15 nm in ECCI), overlooking smaller, yet strengthening-relevant particles.
Furthermore, all IPDs were derived from 2D images, introducing stereological uncertainty. Advanced
techniques such as TEM or APT would be required for precise 3D quantification but were beyond the
scope of this study. In contrast to idealized assumptions, AM introduces unavoidable deviations
through particle agglomeration during feedstock preparation, coarsening during melting, and
segregation during solidification. Even monodisperse, laser-generated NPs (~10 nm) tend to form
larger clusters under specific process conditions. Chemically synthesized particles, though larger
initially, exhibited better thermal stability and unexpectedly tighter spacing after consolidation.

Unlike traditional ODS processing—which relies on long-term thermomechanical treatment to
achieve optimal NP distributions—PBF-LB/M benefits from rapid solidification, producing ultrafine
grains (~10-20um) that respond well to Zener pinning, partially compensating for suboptimal NP
spacing. Taken together, the results suggest three practical strategies: First, achieving a well-defined
small initial particle size is crucial, as demonstrated by the superior consolidation behaviour of laser-
generated NPs; even when agglomerated, they retain advantageous dimensions post-processing.
Second, agglomeration prior to melting must be minimized by selecting chemically stable oxide
types (e.g., ZrO; over Y,03) and employing additivation methods that minimize direct NP-NP contact
and reduce the risk of agglomeration prior to melting. Third, agglomeration during melting can be
suppressed by limiting melt pool dimensions and enhancing solidification rates, thereby reducing
turbulent flow and particle mobility. While exact control remains difficult in practice, these findings
suggest that targeting the minimal NP content necessary for effective strengthening—while
preserving dispersion stability—may offer a more robust path than simply maximizing volume
fraction.

4.3 Grain Structure Evolution and Thermal Stability

The third research question of this dissertation addresses the influence of NP size and distribution—
specifically IPD —on grain growth and microstructural stability in PBF-LB/M-processed ODS steels.
This includes the grain structure in the AB condition as well as after HT.

Study Il showed that laser-generated ZrO, NPs, with narrow size distributions (~10nm) and a
tetragonal phase, led to significant grain refinement in the AB state (average grain size ~1um). This
aligns with literature findings, where finer oxide dispersoids (~5nm) promote stronger grain
boundary pinning and grain sizes below 300 nm, compared to coarser particles (~12 nm) which result
in larger grains and lower creep resistance [44].
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This refinement is due to multiple factors: the small size and uniform dispersion of laser-generated
NPs, their clean surfaces from LAL synthesis, and potentially favorable wetting and interfacial
energies that support heterogeneous nucleation during rapid solidification. Their tetragonal crystal
structure may also foster orientation relationships with the ferritic matrix, though it remains unclear
whether refinement arises from nucleation effects, delayed recrystallization, or Zener pinning. Further
high-resolution characterization is needed to clarify the dominant mechanism.

However, HT resulted in substantial grain coarsening in these samples—up to 25 ym for 1 vol% laser-
generated ZrO,—along with pronounced grain anisotropy. In contrast, samples with chemically
synthesized ZrO, NPs, which had coarser initial grains (~5um at 0.1vol%), retained or even refined
their grain structure after HT (~1pum). This suggests that despite their size, chemically synthesized
NPs offer improved long-term stability, due to higher interfacial energy and lattice mismatch, which
promote particle-stimulated nucleation or stable boundary pinning.

These differences highlight the importance of particle-matrix interactions. Small NPs (<10nm) are
often coherent or semi-coherent with the matrix, enabling strong dislocation interactions and grain
stabilization. Larger NPs (>20 nm), while stronger obstacles, tend to become incoherent, reducing
ductility and stability at elevated temperatures. [47, 48] Coherency is also influenced by lattice
mismatch, synthesis route, and potential stress relaxation during HT, which may trigger loss of
coherency.

Study I, which used the same type and concentration of laser-generated ZrO, NPs as Study lll, did
not report grain refinement—due to the limited resolution of optical microscopy. EBSD data from
Study Il suggest that refinement would have been detectable with more sensitive techniques. Study
[, though lacking direct grain size data, supports these findings indirectly. It showed that DD yields
finer NP dispersion and shorter IPDs than BM—factors known to enhance grain refinement and
thermal stability. These outcomes were later confirmed in Study Il using powders derived from DD.

In conclusion, NP size, spacing, and interface characteristics (e.g. wettability, coherency) play a
significant role in controlling grain evolution in ODS steels. Laser-generated NPs support
pronounced refinement in the AB state but are less stable during HT, while chemically synthesized
NPs—despite coarser morphology—contribute to improved grain stability post-treatment,
particularly at lower loading levels.

4.4 Mechanical Response: Strengthening Mechanisms and Creep Behaviour

The final research question examines how NP size and distribution influence the mechanical
behaviour of PBF-LB/M-processed Fe20Cr-based ODS steels, with particular focus on strength and
creep resistance. Insights are drawn primarily from Studies | and Ill, evaluating the role of grain
refinement, Orowan strengthening, and NP stability.

In Study 1, 1.0 vol% laser-generated ZrO, NPs led to moderate room-temperature hardness
(217HVO0.1), but no grain refinement was detected—due to the limited resolution of LOM, which
cannot resolve submicron grains. However, Study Ill, using the same NP type and concentration,
confirmed significant grain refinement (~1pum) via EBSD. This suggests that refinement effects were
present in Study | but remained undetected. The comparatively lower mechanical performance may
also reflect a reduced part density (~98%) relative to the ~99-99.9% densities achieved in Study llI,
which limits absolute strengthening.
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In contrast, Study Il established a clearer correlation between NP characteristics and mechanical
response. Compression tests at 600 °C showed the highest flow stress (252 + 7 MPa) in samples with
0.1vol% chemically synthesized ZrO, NPs, which retained a refined grain structure (~1pum) after HT.
This is attributed to effective grain boundary pinning by coarser, thermally stable NPs with moderate
IPD (520 + 348 nm). Meanwhile, the sample with 1vol% laser-generated ZrO,—despite exhibiting
higher hardness in the AB state (171HV1)—showed lower flow stress (229 + 12MPa) post-HT,
highlighting that fine NPs alone do not ensure superior high-temperature strength if grain
coarsening and anisotropy occur.

Creep testing at 600 °C and 50 MPa provided further insights into long-term performance. The 1 vol%
laser-generated ZrO, sample exhibited the lowest steady-state creep rate (5.0x107%s™),
outperforming both the chemically synthesized NP variant (7.0 x 1078 s™") and the reference alloy.
This enhanced creep resistance is attributed to the small, retained particle size and high NP number
density, which enable effective Orowan pinning—even at larger average IPD.

Taken together, the studies demonstrate that mechanical behaviour in AM-processed ODS steels is
governed by timescale-dependent mechanisms: grain refinement dominates under short-term high-
temperature loads, while dispersoid size and stability control long-term creep resistance. Hence,
tailoring mechanical performance requires careful optimization of both NP synthesis and integration
strategies, balancing initial refinement with thermal stability throughout processing and application.

4.5 Analytical Limitations and Sources of Uncertainty

Although the three studies presented in this dissertation offer important insights into NP integration
and performance in PBF-LB/M-processed ODS steels, analytical and methodological limitations must
be acknowledged.

A primary constraint lies in the resolution of the imaging techniques used to characterize NP size
and distribution. SEM and ECCI limited reliable detection to particles larger than ~20-50nm and
~10-15nm, respectively. As a result, the smallest and potentially most effective NPs—especially in
laser-generated systems—may have gone undetected. Moreover, IPDs were derived from 2D surface
sections and extrapolated into 3D via stereological assumptions. While large datasets were used (e.g.,
~13,000 particles in Study lll), inherent uncertainties remain—particularly in cases of clustered or
anisotropic dispersions. Access to high-resolution methods such as TEM, APT, or selected area
electron diffraction was limited. Consequently, critical parameters such as coherency state, elemental
partitioning, or phase transformation (e.g., tetragonal-to-monoclinic ZrO,) could not be directly
confirmed and remain speculative.

In terms of mechanical testing, creep experiments in Study Ill were conducted as single-point trials
due to time constraints. Although general trends correspond well with microstructural findings, the
lack of replication introduces uncertainty in absolute creep rates. Additionally, the Y,O3 and ZrO,
particles used in Studies Il and Il originated from different suppliers and synthesis routes, affecting
their surface chemistry, morphology, and dispersion behaviour—factors that could not be fully
decoupled from the integration strategy. Finally, while the simplified Fe20Cr model alloy enabled
controlled comparisons and mechanistic insights, it limits the direct transferability of results to
industrial-grade ODS steels with more complex chemistries.

Despite these limitations, all experiments applied consistent imaging, stereological, and
quantification protocols. This methodological continuity allows for robust relative comparisons
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across studies and supports the validity of observed structure—property relationships. Nonetheless,
future investigations should include nanoscale characterization and replicated mechanical testing to
further substantiate and extend the findings presented here.

4.6 Implementation for Additive Manufacturing

The integration of laser-generated oxide NPs into metal powders offers a promising pathway for
producing high-performance components for high-temperature applications in AM. LAL enables the
synthesis of high-purity, size-controlled oxide NPs without environmentally harmful by-products.
Although current production capacities (~1g/h) remain at the laboratory scale, the method aligns
well with regulatory demands due to its moderate energy requirements and chemical-free
processing, providing a sustainable foundation for future upscaling.

Compatibility with established AM workflows has been confirmed. In particular, the combination of
LAL and DD allows for the integration of oxide NPs into Fe20Cr powders while preserving powder
sphericity and flowability. PBF-LB/M builds with 1vol% NP loading achieved relative densities of up
to 99.9%.. However, further optimization is required when transferring NP-DD-loaded powders to
other AM platforms such as Electron Beam Melting or DED. Although initial trials in Electron Beam
Melting and DED are promising, specific interactions with shielding gases or vacuum conditions may
lead to NP evaporation or defect formation.

Tailored NP dispersions enable microstructure control, offering new alloy design strategies. For
instance, LAL-derived tetragonal ZrO, contributed to grain refinement and enhanced creep
resistance at 600 °C. However, its effect on strength at lower temperatures was limited. Additionally,
Fe20Cr must be further alloyed (e.g., with Al or Ti) to meet industrial mechanical property targets.

From a practical perspective, key implementation challenges include reproducibility and powder
recyclability. Batch-to-batch variation in NP content and limited data on powder reuse may impair
process reliability. Although the AM process chain is largely compatible with standard routines,
consistent mechanical performance will require optimized heat treatment strategies tailored to
oxide-reinforced systems.

In summary, combining LAL and AM offers a viable route for designing oxide-strengthened alloys
with customizable microstructures and improved thermal performance. Future work should focus on
refining powder integration, processing stability, and scaling pathways to bridge the gap between
laboratory validation and industrial application.

4.7 Research Outlook

Building on the findings of this dissertation, several research directions are essential for translating
LAL-based oxide NP integration into reliable AM practice.

Scalability and Automation: To meet industrial demand, LAL systems must evolve beyond batch
processing. Future research should focus on continuous, automated production systems with inline
monitoring to ensure consistent particle characteristics and high-throughput synthesis (>100g/h),
while retaining LAL's environmentally sustainable advantages.

Feedstock Robustness and Recycling: Reliable powder properties are critical for industrial adoption.
Investigations should address long-term storage stability, powder reuse, and the impact of NP

22



content variation on processability and part performance. This includes the development of standard
quality metrics for NP-loaded powders and their recyclability.

Alloy System Expansion: While Fe20Cr served as an ideal model system, the methodology must be
extended to application-relevant alloys. Future studies should examine how laser-generated NPs
interact with more complex alloy chemistries during melting and solidification. Alloying strategies
incorporating Al, Ti, or rare earths must be systematically combined with tailored NP designs to meet
mechanical, oxidation, and corrosion resistance demands.

High-Temperature Validation: While short-term creep testing has demonstrated the feasibility of NP-
based reinforcement, real-world validation requires long-duration tests under mechanical and
environmental loads. Such testing will be essential for structural components in energy, aerospace,
or nuclear systems and should be paired with in-depth microstructural tracking to correlate NP
evolution with long-term behaviour.

Microstructure Engineering and Simulation: Advanced simulations—such as CALPHAD and phase-
field modeling—can accelerate the design of oxide-dispersed AM alloys with predictable properties.
Coupling these models with experimental data on NP retention, morphology, and dispersion will
enable rational alloy design tailored to specific service conditions.

Alternative AM Platforms and Transferability: Exploring the transfer of NP-loaded feedstocks to AM
methods beyond PBF-LB/M—such as DED or high-speed cladding—could open new applications,
including component repair and surface functionalization. Here, process-specific adjustments (e.g.,
laser-material interaction tuning) will be required to preserve NP benefits.

Sustainability and Safety: In addition to technical performance, future research must address
environmental and occupational safety aspects. These include NP behaviour during powder
handling, potential fume generation, and inhalation risks. Lifecycle assessments and safe-by-design
strategies should be integrated from the outset.

In summary, the combined use of LAL and AM forms a flexible and sustainable platform for
engineering high-performance alloys. Unlocking its full potential requires interdisciplinary
collaboration spanning materials science, process engineering, safety research, and digital design—
paving the way toward robust industrial implementation.

4.8 Answers to the Research Questions

The overarching aim of this dissertation was to understand the influence of NP characteristics—such
as size, distribution, and phase composition—and their integration strategy on the microstructural
evolution and mechanical performance of Fe20Cr-based ODS steels fabricated by PBF-LB/M. Based
on the cumulative insights gained across Studies | to Ill, this section provides concise, research-
question-focused answers that consolidate the thematic findings discussed in the previous sections.

1) How and why do NP characteristics (size, morphology, phase, distribution) evolve from
powder to solid part during PBF-LB/M?

NP evolution is strongly influenced by the thermal gradients and melt pool dynamics of PBF-LB/M.

Laser-generated ZrO, NPs, although initially fine (~3.8 nm median), tend to agglomerate, coarsen,

and partially dissolve—particularly at higher loadings—due to recoil pressure and insufficient

embedding. In contrast, larger, chemically synthesized NPs exhibit better morphological stability, due
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to reduced solubility and lower collision frequency. Integration method plays a key role: BM results
in deeper embedding and better integration, while DD offers improved initial dispersion but exposes
NPs more directly to melt pool effects. Overall, both synthesis route and additivation strategy
determine how effectively NPs are retained and transformed during processing.

2) How do theoretical predictions regarding optimal NP size and interparticle distance compare
with experimental results?

While theoretical models suggest optimal strengthening with sub-10nm particles and narrow,
uniform IPD, experimental data show significantly larger particle sizes (74-108 nm) and IPDs (445-
1114 nm). Despite this deviation, the sample with the largest IPD (1vol% laser-generated ZrO,)
exhibited the best creep resistance, attributed to the presence of small, stable particles post-
processing. This suggests that, under AM conditions, retained particle size and thermal stability may
outweigh geometric ideals such as tight spacing or theoretical dimensions—particularly in creep-
dominated applications.

3) How do NP size and interparticle distance affect grain growth and microstructural stability
before and after heat treatment?

Laser-generated ZrO, NPs promoted significant grain refinement in the AB state (~1um), but these
fine grains coarsened during HT, reflecting limited long-term stability. Chemically synthesized NPs,
though initially coarser, maintained finer grains after HT, particularly at low concentrations (0.1 vol%).
This indicates more effective Zener pinning. Beyond size and spacing, crystallographic phase also
plays a role: metastable tetragonal phases (laser-generated) appear less persistent under thermal
exposure than the monoclinic phases (chemically synthesized), which support sustained grain
boundary stabilization.

4) How are NP size and distribution correlated with fundamental mechanical properties such as
strength and creep resistance?

Mechanical behaviour is governed by different mechanisms depending on timescale and
temperature. Under short-term high-temperature compression, strength increased with decreasing
grain size: the highest flow stress (252 MPa) was observed for 0.1vol% chemically synthesized ZrO,
NPs, which retained refined grains after HT. In contrast, long-term creep resistance correlated more
closely with dispersoid stability and size: the sample with 1vol% laser-generated NPs exhibited the
lowest creep rate (5.0 x 1078s™"), despite a wider IPD, due to its high number density of small, retained
particles. This confirms that grain boundary strengthening dominates short-term behaviour, whereas
Orowan-type mechanisms from stable dispersoids govern long-term performance.
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5. Conclusion and Future Work

This dissertation explored how NP characteristics—such as size, morphology, and phase
composition—as well as their additivation strategies affect microstructure formation and mechanical
performance in additively manufactured Fe20Cr-based ODS steels. By systematically comparing
different NP types (laser-synthesized vs. chemically produced ZrO,) and additivation methods (BM
vs. DD), this work aimed to identify the mechanisms governing NP behaviour during LBF-LB/M and

their contribution to alloy strengthening.

5.1 Summary of Key Contributions

The table below summarizes how the presented studies address existing gaps in the field and
contribute novel insights into the design and processing of ODS alloys for AM:

State of the Art

Contribution of this Work

Isolated studies on various NP/matrix
combinations

Direct comparison of laser-generated and
chemically synthesized ZrO,, under controlled
conditions along the entire PBF-LB/M chain

Limited data on NP evolution

Multi-stage analysis of NP transformation from
synthesis to consolidated part (size,
morphology, integration)

Overlapping strengthening mechanisms

Differentiation of Orowan and grain boundary
effects via Fe20Cr model alloy and systematic
variation of NP type and volume

Limited data on NP retention

Quantitative retention analysis via XRF
before/after AM and correlation with
mechanical properties

Low-resolution or localized IPD data

High-resolution particle mapping and IPD
statistics across multiple studies

Lack of comparative analysis between BM and
DD

First systematic comparison in identical alloy +
AM parameter setup

Unclear effects of NP morphology and phase

Correlation between NP phase (tetragonal vs.
monoclinic) and thermal stability in PBF-LB/M
processed Fe20Cr

Focus on initial strength only

Inclusion of long-term creep testing for
different NP systems

Focus on TEM-scale characterization with low
statistical validity

Statistically robust analysis of >13,000 NPs
using ECCl and automated image
quantification

Lack of IPD validation

Experimental vs. theoretical IPD comparison

Narrow focus on Y,0;-based ODS systems
studied

Expanded scope to ZrO, systems with two
crystal structures (monoclinic/tetragonal)

AM parameter studies often decoupled from
NP behaviour

Standardized AM parameters across all
powders to isolate NP effects

Unclear relationship between NP retention,
spacing and creep

Showed that NP size and retention, not IPD
alone, govern creep resistance
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5.2 Overarching Synthesis of the Work

The results of this dissertation support the core finding that the performance of ODS steels in AM is
not determined by the initial properties of the oxide NPs alone, but by their process stability—their
ability to maintain a favorable size, distribution, and phase during thermal cycling and consolidation.
While this concept has been discussed in theory, this work provides one of the first quantitative
experimental demonstrations linking NP synthesis route, process-induced transformations, and
mechanical performance under standardized conditions.

Two key insights emerge:

— Short-term strength is governed by grain refinement, which is promoted by fine, closely
spaced NPs that limit grain growth during solidification and HT.

— Long-term creep resistance, in contrast, is controlled by retained NP size and stability after
thermal exposure—even in systems with large IPDs.

These results highlight the importance of application-specific alloy design strategies: tailoring NP
type and integration method not only to the process, but to the expected service conditions. This
perspective is still underrepresented in current AM-focused ODS research, which often prioritizes
printability over long-term performance.

From a methodological viewpoint, the dissertation offers three advances:

— A controlled comparison of BM and DD for NP additivation in AM powders, highlighting
trade-offs between dispersion quality and particle integration.

— High-throughput, image-based quantification of NP distributions to statistically support
structure—property correlations.

— lsolation of NP synthesis effects by controlling alloy composition and process parameters
across all experiments.

Taken together, these findings support a shift toward mechanism-informed NP integration in ODS
alloy development—moving away from empirical powder modification and toward reproducible,
design-driven strategies. The framework developed here is applicable beyond Fe20Cr and PBF-LB/M
and may support the design of future high-temperature alloys for energy and aerospace applications.

By revisiting the original motivation—to support more efficient, thermally robust materials for
decarbonized energy systems—this dissertation contributes to enabling a more sustainable,
performance-focused use of AM in structural materials design.
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Oxide dispersion-strengthened (ODS) steel is a sought-after composite material known for its high
demand in high-temperature and corrosive environments. Achieving the desired ODS steel properties
requires specific conditions for the size and nanoparticles (NP) distribution in the printed part. Laser
ablation in liquid (LAL) enables precise NP size adjustment. At the same time, the dynamic melt pool
solidification in the Laser Powder Bed Fusion (PBF-LB/M) process complements this by creating favorable
conditions for successful ODS processing. In this study, ZrO, NP with a small and narrow particle size
distribution (ds,=3.8 nm; dy,=10 nm) is produced by LAL. Dielectrophoretic deposition achieves the
homogeneous, deformation-free coating of the binary Fe20Cr (wt.-%) matrix powder with NP. PBF-LB/M
printed parts out of the oxide-additivated powder exhibit a crack-free structure and a density of up to
98%. Expectedly, the metal matrix grain sizes and room temperature microhardness (~220 HV) are not
affected by NP addition. NP tracing by 2D simulation indicates a homogeneous NP distribution and less
than 10% NP to be agglomerated in the solidified part. Thus, a promising perspective for a complete
laser-based process chain for generating and processing ODS alloys is outlined.

In recent years, the additive manufacturing (AM) commer-
cialization has experienced substantial growth. However, a sig-
nificant challenge is the limited range of available materials [1].
This limitation poses a considerable obstacle to the widespread
adoption and advancement of this technique [2]. Materials being
investigated for AM encompass a broad range, including high-
entropy alloys, shape memory alloys, and intermetallic com-
pounds. Additionally, there is a growing emphasis on research-
ing magnetic alloys and novel metal composite structures [3].
Composite materials often involve nanomaterials inclusion, such
as carbides [4] or ceramic nanoparticles (NP), in a metal matrix.

The NP use aims to positively influence the matrix and achieve

©The Author(s) 2023

tailored material properties that suit specific applications. One
well-known composite material example of high technical rel-
evance are oxide-dispersion-strengthened (ODS) alloys, which
ensure exceptional strength in high-temperature regimes,
particularly regarding creep properties [5, 6]. Therefore, these
alloys are of high interest in modern combustion engines [7].
Moreover, due to their resistance to high-energy neutron irra-
diation, ODS alloys are also candidates for use in novel nuclear
and future fusion power plants [8]. The conventional ODS mate-
rials production by powder metallurgical processing requires
multiple subsequent processing steps, while AM allows for
direct near-net-shape production. By avoiding repetitive sin-

tering, heat treatment procedures, and mechanical finishing
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processes, the manufacturing route efficiency can thus be sig-
nificantly increased, which makes ODS AM a promising field of
research [9]. The unique AM process characteristics, including
high solidification rates [10], allow rapid melt pool solidification
and highly dynamic melt pool flow [11], preventing NP agglom-
eration in the melt pool and enabling homogenous ceramic NP
dispersion, therefore meeting the requirements for the advanced
ODS materials manufacturing [12].

ODS materials are characterized by nano-scaled oxide parti-
cles homogeneously dispersed in a metallic matrix and are con-
sidered a particular type of metal-ceramic composite material
[6, 13, 14]. The typical matrix-incoherent particles can only be
bypassed by dislocation rather than penetrated, leading to retar-
dation of dislocation movements with extra energy provided,
which ultimately leads to material strengthening. This effect is
known as the Orowan mechanism [15].

Nevertheless, AM of ODS materials faces challenges, espe-
cially regarding suitable powder material production. ODS
materials, which were already successfully manufactured by
AM of a variety of matrix and oxide materials [16], typically
consist of powder composites produced by mechanical alloy-
ing [16-18]. However, the reduced flowability of mechanically
alloyed powder material due to mechanical deformation [9, 19]
results in smaller process windows [20], which makes the devel-
opment of powder composites with high sphericity necessary,
typically exhibiting improved flowabilities [21, 22]. In this case,
macro powder additivation by dielectrophoretic deposition can
remedy the situation by maintaining the sphericity of the gas-
atomized base powder and retaining the flowability. The suc-
cessful dielectrophoretic deposition demonstration of the iron-
chromium-based ferritic steel PM2000 and Y,0O; NP is further
elaborated in [23].

Regarding the NP strengthening effect in ODS material, the
theoretical optimum NP size in the bulk material is expected to
be below 10 nm [24] to fully exploit the benefits of rapid solidifi-
cation and low agglomeration and obtain maximum creep resist-
ance. Typically, commercially available NP range in size from
20 nm up to micro-sized particles and are produced by liquid-
based processing (sol-gel or chemical reduction), milling, or
from the vapor phase (physical/chemical vapor deposition and
flame synthesis), which ends in chemically contaminated NP-
surfaces. The two main disadvantages of chemically produced
NP—namely, broad size distribution and ligand-contaminated
surfaces—can be circumvented by producing NP using Laser
Ablation in Liquid (LAL). LAL advantages include the envi-
ronment friendly, ligand-free production of a comprehensive
materials variety such as noble metals [25], alloys [26], or oxides
(27, 28]. Thus, this process offers favorable prerequisites for NP
generation and a wide range of composites production to be pro-
cessed with powder-based AM. Additionally, LAL can be scaled

up to industrial quantities [29] and thus allows for the further
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development of tailored, application-driven material solutions
that will further push AM commercialization.

Combining the advantages of laser-based ceramic additivated
powder production and processing to a composite, this study
considers the entire process chain using the ODS steel example.
To assess the benefits and limitations of the laser-based process
chain, it is essential to understand the effects of the spherical
LAL-generated NP and the deformation-free additivation pro-
cess. This understanding should be compared with conven-
tionally produced NP and mechanical alloying to examine the
resulting NP size and distribution in ODS composites. These
properties play a crucial role in influencing high-temperature
mechanical properties. Due to the NP inaccessibility during the
processing and the impossibility of performing in-situ measure-
ments of their movement, the combination of simulations with
the experimental characterization of the NP-additivated powder
and the manufactured ODS steel provides the best approach to
understanding and controlling the PBF-LB/M processing of ODS
steels. Therefore, NP tracing simulations based on a kinematic
model considering NP-NP and flow-NP interactions are per-
formed to study the migration and additivated NP distribution.
The information of the melt flow under-prescribed processing
parameters (majorly the laser power, scan speed, and laser spot
size) is provided by heat-melt-microstructure (HMM)-coupled
non-isothermal phase-field simulation [30]. To study the influ-
ence of NP on material strengthening by the Orowan mechanism,
other strengthening mechanisms, such as, e.g., grain refinement
or solid-solution strengthening, must be prevented; otherwise,
interfering influences will prevent accurate investigation. Thus,
this study uses a Fe20Cr model material to avoid undesirable
reactions between nanoparticles and the elements present in the
melt. LAL-generated zirconia (ZrO,) NP are used for this binary
steel oxide reinforcement system. ZrO, NP are frequently used to
reinforce steels [31], titanium [32], aluminum [33], and copper
[34] alloys. Compared to typically used yttrium-based NP for
ODS alloys with a melting temperature of 2425 °C, ZrO, has a
higher melting temperature of 2715 °C which ends up in higher
thermal NP stability [35], which is beneficial for manufacturing
processes with high peak intensities like PBF-LB/M.

Additionally, compared to Y,0;, ZrO, is expected to have
a lower agglomeration behavior due to the lower attractive
forces between the particles, characterized by a relatively low
Hamaker constant. This expectation leads to the anticipation
of less agglomeration in the melt pool during the PBF-LB/M
process and, consequently, more minor NP accumulations in
the solid. According to the theory of Arzt and Rofiler [36], this
contributes to an increased temperature resistance of the mate-
rial as the NP distribution is decisive for the stress required to
activate dislocation passing. The numerical simulation com-

pares the agglomeration behavior of the different NP materials.
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ZrQ, is already successfully produced with LAL. To empha-
size the possibility of economically scaling the whole process for
industrial use, in the production of NP in LAL, a readily com-
mercially available zirconium (Zr700) target material is used for
producing NP with LAL. By ablation in water, the material reacts
to form zirconia and can be used for additivated metal powder
production of the ODS material.

In this study, the complete laser-based ODS steel processing
route is investigated using the Fe20Cr-0.8 ZrO, (wt.-%) exam-
ple consisting of LAL-NP generation, oxide-additivated metal
powder production, and forming a composite by PBF-LB/M.
The products of the different fabrication steps are studied and
correlated with the resulting consolidated PBF-LB/M material
properties. Special attention is paid to the NP size and distribu-
tion evolution during the single stages. The experimental data
interpretation is supported with results from numerical simu-
lation to gain deeper insight into the influencing physical and

processing parameters and conditions.

Results

Size distribution and chemical composition
of nanoparticles generated by LAL from Zr700

In Fig. 1(a), the size distribution of the LAL-generated zirconia
NP is presented. The polydispersity index (PDI) can be used to
evaluate the monodispersity of the NP. It is calculated as a vari-
ance (02) divided by xc2 values from the log-normal fit func-
tion. The higher the variances and the standard deviation are,
the broader the size distribution. For a homogenous NP dis-
tribution, monodispersity, a small PDI < 10%, is desirable [37].
With a PDI of 9.13%, the size distribution shown in Fig. 1(a)
can be categorized as monodisperse. In Fig. 1(b), the results
of EDS measurements on exemplary NP are presented. In the

top left BFTEM image, homogeneously distributed small NP

(< 15 nm, marked with white arrow) as well as a few larger NP
(> 15 nm, marked with black arrow) are indicated. The NP tend
to agglomerate in the liquid, which can also be seen from the
superimposed BETEM image of the NP (Fig. 1(a)). In Fig. 1(b),
TEM-EDS maps of Zr, Hf, and O with a corresponding BFETEM
image are depicted. The examined elements are homogeneously
distributed in both small (<15 nm) and large (> 15 nm) NP. The
overall measured elemental distribution is noted, respectively,
emphasizing a mostly stoichiometric composition of ZrO, with
residual elements accounting for approx. 1.1 at.-%.

In Fig. 1(c), TEM-EDS line scans of individual NP are
depicted. The upper line scan in Fig. 1(c) shows one of the few
larger NP with a diameter of approximately 60 nm to illustrate
the composition of the NP in detail. In the lower line scan in
Fig. 1(c), a comparatively small particle of around 5 nm diam-
eter is shown, which is in the range of the average NP diameter.
Both scans show an increase of the elements Zr and O over the
particle radius. In addition to these expected elements, the Hf
content also increases over the radius of the particles. The base
signal noise of Hf is anticipated as this element is already in the
metal target before ablation. Hf oxides may have also formed,
but no individual Hf oxide particles could be detected. As Hf
and Zr have similar chemical properties and similar lattice
structures, it is reasonable to expect that Hf replaces a few Zr lat-
tice positions, forming a complex oxide compound (Zr, Hf)O,.
The signals for Fe and Cr can be categorized as background
noise, proving that the dielectrophoretic deposition process has
no impact on the chemical composition of the NP.

The diffractogram of the zirconia NP is shown in Fig. 2 and
reveals the characteristic reflections of ZrO,. In addition, vari-
ous other reflections can be detected, suggesting the presence
of pure Zr and orthorhombic and monoclinic HfO,. However,
the characteristic reflections of all phases are difficult to distin-
guish, as can be seen from the double and triple occupation of
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Figure 1: NP generated by LAL of a Zr700 target (a) Feret diameter size distribution derived by BFTEM image processing; (b) TEM-EDS mapping of
generated NP including respective TEM-EDS measurement results; (c) TEM-EDS line scan results of individual NP with diameters of 60 nm and 5 nm.
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Figure 2: Diffraction pattern of zirconia NP indicating the characteristic
reflections of Zr, ZrO,, orthorhombic HfO, and monoclinic HfO,.

individual reflections in Fig. 2. Considering the results already
shown from the chemical analysis utilizing XRF and EDS, it
can be stated that besides tetragonal ZrO,, mainly monoclinic
HfO, is present. This conclusion is based on the reflections
of the monoclinic HfO, as in the example of the (111)-reflec-
tion at approx. 31.6° 20 also partly exists without interference
with reflections of the ZrO, or the other phases. Admittedly,
this also applies in part, to reflexes of orthorhombic HfO, (e.g.,
(212)-reflection at approx. 43.6° 20). However, these show a
much lower intensity compared to monoclinic HfO,. The occur-
rence of pure Zr, demonstrated by the EDS and XRF measure-
ments, cannot be clearly detected using XRD due to the afore-

mentioned phase interferences.

Chemical and morphological characteristics
of oxide-additivated metal powder

In Fig. 3, SEM images of Fe20Cr particles (a, b) and Fe20Cr
additivated with ZrO, NP (q, e, f) with different magnifications
presented. Compared to the base Fe20Cr metal powder (Fig. 3(a,
b)), NP are visible on the surface of the oxide-additivated metal
powder depicted in Fig. 3(c, e, f), resulting in a rough surface
texture. On the surface of both powder materials, satellites can
be seen (indicated with orange arrows). Small agglomerates of
NP are visible on the microparticles (white arrows in Fig. 3(e)).
Only small areas appear not covered by NP (green arrow). All
in all, the NP are homogeneously dispersed on the surface of the
microparticles, and the size of the agglomerates is small com-
pared to mechanically alloyed ODS powder, e.g., 20-200 nm
used in [38] or 30-50 nm used in [39], and the additivated pow-
der has maintained a spherical shape. The spherical shape origi-
nating from the deformation-free dielectrophoretic additivation

©The Author(s) 2023

process makes the material particularly suitable for AM. Fig-
ure 3(d) shows the EDS measurements of the oxide-additivated
metal powder. The intensity of the signal for the elements Fe
and Cr is constant, thereby homogeneously distributed over the
powder particle.

Since no increased concentration of Fe and Cr is detected
on the particle edges, it can be hypothesized that these elements’
signals originate from the initial Fe20Cr powder matrix. Due to
the measurement method, a stronger signal is detected from ele-
ments close to the surface, i.e., Zr and O, indicated by the orange
arrows in Fig. 3(d). In addition to that, the uniform distribution
of O and Zr detection suggests that the matrix particle surface is
evenly wetted with NP. The areas for detecting Zr and O overlap,
making it evident that ZrO, coats the surface. The regions with
increased Zr and O content are indicated with white arrows.
Thus, it can be concluded that a more significant agglomeration
of ZrO, can be found at these locations. XRF measurements
revealed a global composition of the oxide-additivated metal
powder of 78.20Fe-20.80Cr-0.79Zr-0.12Si (wt.-%) thus, consid-
ering the statistical error of 0.26% for Zr, being a good agree-

ment with the nominal composition.

Microstructure and hardness of bulk material built

by PBF-LB/M

Figure 4 displays the microstructure of Fe20Cr and Fe20Cr-0.8
ZrO, (wt.-%) ODS composite material consolidated through
PBEF-LB/M, observed in cross-sections. A notable difference
is observed between the two materials, with the ODS material
exhibiting a higher presence of pores (f) and consequently a
lower density of 98.3% compared to the 99.7% density of raw
Fe20Cr steel (a). Figure 4(b) and (g) show cross-sections of the
45 s specimens etched with Nital (10%). The microstructure is
characterized by small (approx. 10 to 100 um width) elongated
(up to several 100 pm length) epitaxially grown grains. The grain
size of the ODS material is similar compared to the base metal
matrix, leading to the conclusion that the NP do not affect grain
growth, which could be reasoned by the low wettability of ZrO,
in Fe-Cr melt, inhibiting heterogeneous nucleation and thus
otherwise expected grain refinement. The composite hardness
at room temperature with 217.4+11 HVO.1 is similar to the
hardness of base Fe20Cr with 219.2 £ 9 HV0.1, indicating simi-
lar mechanical room temperature properties. These analytical
results fit well with grain size since solid-solution strengthening
and grain boundary strengthening are the dominant reinforcing
effects in soft matrices at room temperature. At high tempera-
tures, the hindering of dislocation movement by particle harden-
ing in ODS alloys is expected to result in pronounced strength-

ening, e.g., observed in [18] for a similar system. In Fig. 4(c)
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Figure3: SEM images of Fe20Cr-powder (a, b) and oxide-additivated metal powder (c, e, f) in different magnification, (d) SEM-EDS mapping of

elements from Fe20Cr-0.8 ZrO, (wt.-%) powder.

and (d), SEM images of the Fe20Cr without NP are depicted in
different magnifications. A yellow dashed line indicates a grain
boundary, and etching defects (whitish areas) are visible in (d).
A comparable extract was selected in image (i) from Fig. 4 for
the Fe20Cr-ODS sample. In comparison, the whitish areas of the
composite (i) are smaller and more finely distributed than in (d).

Localized EDS surface scans of different microstructural fea-
tures provide information on the local elemental composition,
as summarized in Table 1.

The results show negligible traces of Zr in the Fe20Cr alloy
without NP (spectrum 1 and 2 in Table 1 and Fig. 4(d)), but a
significant amount in the entire composite sample (spectrum
3 and 4 in Table 1 and Fig. 4(i)). Similarly, a higher Zr propor-
tion is detected in spectrum 4 compared to spectrum 3, sug-
gesting the ZrO, accumulation in the bright region. From this,
it can be concluded that some white areas in Fig. 4(h) represent
NP agglomerates. However, no clear visible distinction between
etched microstructural features and Zr-enriched, presumably NP
areas is possible. From EDS measurements depicted in Fig. 4(j),
in addition to a weak, likely background noise signal for Zr (also
visible in Fig. 4(e)), apparently randomly distributed Zr clusters
can be observed. These clusters indicate a Zr accumulation and
thus ZrO, NP agglomerates, especially regarding dimensions of
up to several 10 nm. Individual NP are very small, and consider-
ing the given noise signal, EDS mappings cannot determine their
size and exact distribution. However, no specific concentration at,
e.g., grain boundaries is visible, which supports the assumption
of a homogeneous distribution that requires to be confirmed in

future investigations.

©The Author(s) 2023

Simulation of the influence of NP type and size
on agglomeration during PBF-LB/M

As explained in “Numerical Study of nanoparticle evolution in
PBF-LB/M melt pool” section, simulations are conducted with a
smaller number of NP compared to the experiment to compen-
sate for the substantial computational power requirements. To
investigate the influence of NP size on agglomeration properties,
the varying size of NP additivated to the Fe20Cr powder is simu-
lated and then correspondingly traced during the process simu-
lations. Figure 5(b) shows the comparison of size distributions
of NP produced by LAL (cf. Fig. 1(a) for experimental values),
NP traced during PBF-LB/M simulations and the size distribu-
tion of the simulation in Yang et al. [40]. In the case of smaller
NP, a large number of NP are traced to represent the same NP
mass fraction 0 in the oxide-additivated metal powder, thereby
requiring denser decoration on the single metal particles; in
other words, the interparticle distance is significantly reduced.

The agglomeration behavior strongly depends on the (van
der Waals) attraction force and the particle distances. The van
der Waals attraction force between the two most widely used
nano-additives for manufacturing ODS alloys Y,0; and ZrO,
as a function of the surface distance between two NP is ana-
lytically compared and depicted in Fig. 5(a). The attractive
force increases as the interparticle distance between two NP
decreases, leading to a higher agglomeration for closely packed
small NP. As expected by physical principles, the tendency of NP
to agglomerate decreases with increasing size. From Fig. 5(a), it
can also be concluded that ZrO, NP undergo lower attractive

force, suggesting lower agglomeration than Y,0;. Figure 5(c)
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TABLE 1: Chemical composition of bulk material from EDS examinations
of PBF-LB/M consolidated Fe20Cr and Fe20Cr-0.8 ZrO, (wt.-%).

form). It should be discussed in the upcoming works. To avoid
this the overshooting NP discrepancy, the on-site magnitude of
melt flow is taken as the velocity threshold for the NP. When an

Alloy Fe20Cr Fe20Cr-0.8 ZrO, (wt.-%)
Areain Fig. 4 1 (Wt.-%) 2 (wt.-%) 3(wt-%) 4 (wt-%)
(6] 0.97 0.71 0.82 1.29

Si 0.06 0.05 0.07 0.08
Cr 21.13 21.37 21.12 20.93
Fe 77.76 77.83 77.79 76.82
Zr 0.07 0.04 0.2 0.88

presents the destination statistics of migrating NP and the corre-
sponding classification of agglomerated/non-agglomerated Y,0,
and ZrO, NP traced during the PBF-LB/M process simulations.
The results exhibit that ~ 33% of Y,O; NP participate in agglom-
eration, while only ~ 26% of ZrO, NP are agglomerated. Moreo-
ver, in both cases, most NP are enclosed in grains, but the ZrO,
NP agglomeration in grains is 7.3% lower than the Y,0; NP,
suggesting better ZrO, NP dispersion in the base metal matrix.

The blue size distribution [Fig. 5(b)] is used to study the
ZrO, NP evolution during PBF-LB/M. Due to their size and
concentration, the NP are closely packed in a 2D simulation
domain; they undergo high attractive forces [compare Fig. 5(a)].

The particles tend to accelerate towards each other, potentially
on a collision path. However, there is the potential ‘overshooting’
NP where the NP migrates with high velocities due to an instanta-
neous strong attractive acceleration, thereby missing the supposed
collision at the next step. This discrepancy may be caused by the
time discretization scheme employed in this work, in which the
melt flow dynamics and nanoparticle kinematics share the same

time increment and discretization form (i.e., backward Euler

©The Author(s) 2023

NP crosses that threshold velocity, it is effectively captured by the
melt. It assumes the velocity from the melt for that particular time
step, which is physically interpreted as the NP should not overtake
the melt flow in the sense of a complete inelastic collision. As a
result, the explosive drifting of NP while being suspended in the
melt is prevented mainly, as shown in Fig. 5(c).

NP evolution during processing is graphically displayed in
Fig. 5(d), presenting the trajectories and the final position of the
NP dispersed in the PBF-LB/M-processed Fe20Cr alloy matrix.
It is essential to state that the markers represent only the center
locations and not the size of the NP. In contrast, the color of the
markers is used to describe the final positions of the NP in the
microstructure.

In Fig. 5(d), three scopes are chosen and magnified to visual-
ize the NP and their potential agglomerations. On the micro-
scale, one might prematurely suspect the presence of heavy
agglomeration in these regions. However, upon finer inspec-
tion, one can quickly discover the presence of locally enriched
isolated NP and some small NP agglomerates.

A statistical analysis of the agglomeration of NP is presented
in Fig. 5(e), wherein the fraction of NP agglomerated is further
classified based on their cluster size. Most of the NP remain
non-agglomerated; only 7.9% of NP are observed to have par-
ticipated in agglomeration. The agglomerate clusters formed by
the NP are relatively small, with 85.8% of the agglomerated NP
forming a 2-particle cluster. The relatively bigger clusters are
rare, suggesting that the size distribution of nano inclusions in
the processed part would not differ drastically from the size of

NP additivated to the alloy powder particles.
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Figure 5: Simulation results of NP tracing in PBF-LB/M; (a) Attractive interaction force with varying interparticle surface distance for different NP
dispersed in the melt. Surface distance, ds represents the distance between the surfaces of two NP with ds=d — (r;+r,), where d is the distance
between the centres of two NP and r; and r;are their respective radii; (b) experimentally and numerically determined ZrO, NP size distribution; (c)
comparison of agglomeration statistics in PBF-LB/M solids with different NP for identical process conditions, NP size distribution and NP load; (d)
simulated NP distribution in PBF-LB/M solids; (e) classification of the traced ZrO, NP as agglomerated or non-agglomerated NP after a single scan of
PBF-LB/M and further analysis of the agglomerated NP in the formation of various cluster sizes.

In this study, a laser-assisted process chain for the fabrication of
composites in AM is demonstrated, focusing on the feasibility
of the process for the fabrication of oxide-dispersion-reinforced
(ODS) composites. Laser ablation in liquid is used to produce
oxide NP with an average diameter of 7 nm (d;;=3.8 nm,
dgy=10 nm). The homogeneous distribution of NP on Fe20Cr
macroparticles is achieved by dielectrophoretic deposition, and
the resulting oxide-additivated metal powder is processed by
PBF-LB/M, producing composite samples with a density higher
than 97%. At room temperature, the hardness of the material
remained unchanged around 220 HV0.1, and the microstructure
of the metal matrix is not significantly affected by the NP. These
results demonstrate the basic feasibility of the laser-assisted pro-
cess chain for producing advanced composites for AM. Moreo-
ver, the applied simulation approach provided the first insights
into the agglomeration behavior of ZrO, NP by 2D tracing.
Comparative simulation of the agglomeration behavior of
Y,0; and ZrO, NP based on their material properties supports
the selection of NP for ODS, as ZrO, NP exhibited better dis-
persion compared to Y,05, which is considered desirable for
improving high-temperature mechanical properties in ODS
steels. The findings from the numerical study suggest that the

©The Author(s) 2023

size and dispersion of resulting nano agglomerates in ODS steels
manufactured by PBF-LB/M can be engineered to achieve desir-
able mechanical properties by controlling the size of the ini-
tial NP introduced in the oxide-additivated metal powder. The
simulation of the degree of agglomeration dependent on the NP
sizes suggests that the fraction of NP participating in agglomera-
tion increases for decreasing NP size. However, as revealed in
the statistical analysis of the agglomerated NP, most agglomer-
ates are small and formed by only 2-4 NP, thus still expected to
be magnitudes smaller and consequently more effective com-
pared to conventionally produced NP with typical sizes around
50 nm in diameter. An exciting subsequent research question
is whether an optimized balance between initial NP size and
agglomeration rates and types can be achieved. Simulations with
further NP sizes can help to answer this question and motivate
NP production of specific sizes with LAL.

One advantageous characteristic of the oxide nanoparticle-
additivated metal powder production by dielectrophoretic depo-
sition is that the powder particles’ sphericity, size distribution,
and shape are unaffected. The powder remains flowable and,
thus, ensures the requirements for good processability. While
dielectrophoretic deposition yielded the expected and desired
results, demonstrating low agglomeration and homogeneous
NP distribution on the metal powder surface, the comparatively
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low density of the resulting Fe20Cr-0.8 ZrO, (wt.-%) samples
requires further attention. Spherical pores can be observed in
the microstructure of the ODS material, indicating evaporation
of the residual moisture. The detected difference in the humid-
ity of both materials supports this assumption (0.08 wt.-% H,0O
for Fe20Cr vs. 0.12 wt.-% H,O for the additivated powder).
Other reasons for different behavior in the PBF-LB/M process
could be different absorption properties for laser radiation of
the ODS material, which can lead to altered energy input. In
contrast, laser parameters remain the same, thus defects in the
microstructure. An extended parameter study and re-drying of
the additivated powder is believed to lead to higher densities
prospectively. Once a higher relative density of PBF-LB/M pro-
cessed parts is achieved, mechanical characterization, including
tensile and creep tests at elevated temperatures, is to be per-
formed to investigate the strengthening effect of the NP and
deformation behavior of the composite under load.

Regarding grain size and morphology of printed specimen,
the microstructure formation is not visibly affected by NP addi-
tion; it can be concluded that no additional effect, such as grain
refinement or significant changes in solidification conditions,
is caused. This leads to the hypothesis that any strengthening
determined in upcoming investigations can be attributed to
particle hardening due to the Orowan mechanism. However, it
has to be considered that grain refinement by oxide NP is pos-
sibly dependent on the alloy system [41]. Hence, this finding
for the investigated model alloy is not generally valid. Addi-
tionally, chemical reactions between the matrix and NP need
to be considered for the transfer to more complex systems [30].
Although further studies are needed to understand all underly-
ing mechanisms fully, these results contribute to understand-
ing the behavior of NP in PBF-LB/M-processed materials and
emphasize the importance of consideration of the entire system.

It can be hypothesized that oxide NP would hinder disloca-
tions even at room temperature, leading to an increase in hard-
ness. Contrary to this expectation, however, the hardness of our
ODS alloy does not increase significantly compared to the pure
iron-chromium alloy. This behavior is consistent with observa-
tions described in [30, 42]. In [30], despite constant hardness
at room temperature, a higher compressive strength was dem-
onstrated at elevated temperatures, which is attributed to the
Orowan mechanism. Similarly, [42] found a significant increase
in tensile strength at high temperatures, which was not apparent
when comparing the hardness of the pure alloy with the corre-
sponding ODS alloy at room temperature. A possible explana-
tion for the consistent hardness at room temperature could be
the pronounced agglomeration of the nanoparticles within our
printed components. In Fig. 4, spectrum 4 indicates a nanopar-
ticle size of approximately 150 nm. With an initial size of approx.
7 nm, before consolidation via PBF-LB/M, this agglomeration

size may reduce the number density and distribution degree of
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the nanoparticles, resulting in a significantly bigger interparti-
cle distances. These larger interparticle distances substantially
reduce the efficiency of hindering the dislocation mobility by the
Orowan mechanism, making it difficult to detect an Orowan-
induced increase by Vickers hardness measurements. Further-
more, it could be hypothesized that the very soft Fe-Cr matrix
causes a displacement of the NPs along the dislocation planes
upon penetration of the Vickers indenter, leading to compara-
ble hardness to the non-reinforced counterpart. In summary,
despite the lack of a detectable increase in hardness induced by
the Orowan mechanism at room temperature, the literature [30,
42] supports the expectation of strain hardening by the Orowan
mechanism at elevated temperatures. However, tensile charac-
terization of our printed ODS material is underway to confirm
our findings.

An existing challenge is the seamless alignment of experi-
ment and simulation, which requires large analytical efforts
and computational capacities. It has to be mentioned that the
PBE-LB/M process parameters used in the phase-field simu-
lations differ from the ones used in the experiment. The laser
beam power used in the simulation (160 W) is comparable to
the experimental parameter (150 W), but a larger beam spot
(160 pm diameter) is used for simulation. Simulating a smaller
beam spot would mean a higher intensity of laser power and,
therefore, increased melt flow drifts, potentially resulting in
the formation of spatters [43]. These would affect the resultant
microstructure and NP dispersion throughout the metal matrix.

Further research is required to discover the influence of
laser beam spot size on the microstructure evolution and the
NP distribution by experiment and simulation. As the NP mass
fraction utilized in the numerical study is meager (0.005 wt.-%)
compared to the experiment (0.8 wt.-%), the influence on the
melt properties and, subsequently, the final microstructure was
considered to be negligible and, therefore, neglected. However,
this consideration aligns with the experimental observation,
where even a considerably high amount of NP showed no appar-
ent influence on the matrix microstructure. Despite the compu-
tational constraints posing limitations like insufficiently small
time increment, inadequate size distribution, and number of NP
in the simulation domain, the kinematic model could trace ZrO,
NP throughout a single scan of PBF-LB/M processing. Thus, the
NP evolution and resultant agglomeration behavior could be
revealed. Although this is not statistically validated regarding
cluster sizes, it still appears to be of the same magnitude order as
indicated by EDS element maps. The distribution on the smaller
nanoscale is prospective to be verified by TEM investigation of
the built Fe20Cr + ZrO, part.

To gain additional understanding of the mechanical proper-
ties of the resulting alloy, it would be beneficial to investigate the
reinforcement of the composite with various NP loadings. By
varying the loading of oxide NP, the mechanical properties of
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the composite could be tailored for specific applications. Studies
are revealing the influence of NP on melt dynamics [44], solidi-
fication behaviour [45], porosity [46], and melt properties such
as viscosity, surface tension and thermal conductivity [47-49].
The NP load used in the numerical study presented here is sig-
nificantly lower, and therefore, the exclusion of potential effects
on the melting behaviour and its properties is justified. However,
higher NP loads and their influence on melt properties and the
resultant microstructure will be investigated in future works.
In summary, the present study provides a promising starting
point for further research on laser-assisted composite manufac-
turing for additive manufacturing. Based on the findings and
methods presented here, it may be possible to develop and eco-
nomically produce new and advanced composites with a wide
range of customizable properties, enabling applications in highly

demanding environments.

Materials

Zirconia NP were fabricated from Zr700 material (VDM Met-
als, Altona, Germany) using LAL in deionized (DI) water. The
composition of the target material is characterized by X-ray fluo-
rescence (XRF) and revealed a composition of 98.70 wt.-% Zr,
1.23 wt.-% Hf, and a residual of 0.07 wt.-%.

Micrometer-sized metal powder with the nominal composi-
tion Fe20Cr (wt.-%) was used as the base material for the oxide-
additivated metal powder production. The initial particle size
distribution given by the manufacturer (Rosswag GmbH, Pfin-
ztal, Germany) was 15 pm to 45 pm (d,;=19 um, ds;=29 pm,
dgy=43 pm). The chemical composition of the Fe20Cr (wt.-%)
powder was verified by XRF, confirming a chemical composition
of 78.7Fe-21.2Cr (wt.-%).

Analytical methods

LAL-generated NP were investigated by transmission electron
microscopy (TEM) using a JEM-2200FS (JOEL GmbH, Freis-
ing, Germany). The size distribution was obtained via image
analysis of the bright field TEM in the software Image]J (Version
1.53 T). X-ray diffraction (XRD) of the zirconia NP was car-
ried out to characterize the phase composition of the bulk NP
material. A D8 Advanced system (Bruker Corporation) was used
for the investigation, working according to the Bragg-Brentano
setup and emitting CuKa radiation (wavelength: 1.5406 A). The
diffractogram was recorded in the 20-70° 20 using a step size
of 0.01° and an acquisition time of 5 s per step. The obtained
diffractogram was analyzed using the software DIFFRAC.EVA
V3.0. To load the NP into the sample holder of the measur-
ing device, they were dried and glued to a C-pad in advance
so that the entire surface of the C-pad was covered with NP. A
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diffractogram was also recorded from the C-pad without NP
addition to ensure that the carbon pad did not significantly
influence the measurement. It turned out that the C-pad shows
reflection, but these are mainly lost in the noise of the NP meas-
urement due to their low intensity.

The moisture of powder samples before AM was determined
by the loss-on-drying method, using an HX204 gravimetric mois-
ture analyzer (Mettler Toledo GmbH, Gief3en, Germany) to ensure
sufficient flowability before consolidation via AM. The solid bulk
composite samples, fabricated using PBF-LB/M from the oxide-
additivated metal powder, were subjected to a 45-s etching with
Nital (10%) solution. Subsequently, the NP distribution and size
within the matrix were analyzed by EDS mapping using a scanning
electron microscope (Apreo S LoVac, Thermo Fisher Scientific).
The chemical composition of the PBE-LB/M samples was deter-
mined by EDS area scans using an MIRA3 instrument (TESCAN
GmbH) equipped with a Nordlys nano detector (Oxford) and
Aztec software (Oxford). Measurements were performed using an
accelerating voltage of 20 kV and a working distance of 15 mm.
The metal matrix Fe20Cr and the oxide-additivated metal pow-
der Fe20Cr-0.8 ZrO, (wt.-%) were analyzed by XRF using an S8
Tiger (Bruker Corporation) equipped with a rhodium X-ray tube,
a beryllium window, and a power of 4 kW. Each sample with 3 g
of powder material was measured and analyzed via a quantitative
method (Quant-Express) developed for the Bruker device, which
uses the Ka lines to determine each element’s weight percentage
(wt.-%). Microstructural characterization was performed by light
optical microscopy (LOM) (Leica, DM-2700) of metallographically
prepared cross-sections. Densities were determined using the soft-
ware Image] (Version 1.53 T). The PBF-LB/M samples were evalu-
ated for microhardness using the Vickers HV 0.1 test method with
10 s indentation time and a Carat 930 (ATM Qness GmbH, Mam-
melzen, Germany). Five measurements were randomly distributed

over the 10 mm cube for each specimen.

Nanoparticle synthesis by LAL

In LAL, a laser beam is focused on a target that is surrounded
by liquid. The ablated material is converted into a plasma phase
with laser pulse irradiation. [50, 51] By reaching the ablation
threshold, NP are removed from the surface of the target and
carried away by the flowing liquid. In addition to the surround-
ing liquid and the laser parameters, it is primarily the target
material that influences the chemical composition of the NP
produced. In [52], the possibilities to influence the LAL-gen-
erated NP and their desired composition by variating the com-
position and element distribution of the target are described.
Here, the setup to ablate zirconium material in water includes a
YLPN-0.5-1x 5-80 ytterbium pulsed fiber laser in pulsed mode
(IPG Laser GmbH, Burbach, Germany) with a maximum power

of 80 W, a wavelength of 1064 nm and a pulse duration of 1 ns.
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Figure 6: Schemes of (a) LAL process, (b) NP supporting, and (c) PBF-LB/M process scheme.

Focusing the laser beam is achieved by an f-theta lens with a
focal distance of f=167 mm. The experimental setup scheme is
shown in Fig. 6(a). A spiral scanning pattern is applied for abla-
tion, enabled using a galvanometric scanning unit MINISCAN
I1I-14 (Raylase GmbH, Wefiling, Germany). A peristaltic pump
LabV3 (Baoding Shenchen Precision Pump Co. Ltd, Baoding
China) with a constant flow rate of 150 ml/min is used to create
a continuous flow of DI water during the ablation. The NP used
as additives for the oxide-additivated metal powder are synthe-
sized with a laser power (P;) of 61 W and a repetition rate (Rg.,)
of 3 MHz. The laser fluence (F) of 6.5 J/cm?2 is calculated with a
beam spot diameter (Dy,,,,) of 40 um.

Nanoparticle supporting on metallic powder
by dielectrophoretic deposition

The dielectrophoretic deposition created an oxide-additivated
metal powder from ZrO,-NP and Fe20Cr metallic micro-sized
powder. Water was used as the solvent along with the Fe20Cr
metal powder and the laser-generated ZrO, nanoparticles in
a ratio of 0.8 wt.-% ZrO,. The mixture was stirred in a rotary
evaporator at 70 rpm and 60 °C under a 200 mbar atmosphere.
The moisture content of the metal base material was 0.08 wt.-%
H,O, remaining moisture of the oxide-additivated metal powder
after deposition was 0.12 wt.-% H,O. The scheme of the process
is shown in Fig. 6(b).

Additive manufacturing by PBF-LB/M

The Fe20Cr metal powder (as reference) and the Fe20Cr-0.8
ZrO, (wt.-%) powder were processed by PBF-LB/M using an
Aconity MINI laboratory printer (Aconity3D GmbH, Herzogen-
rath, Germany). Figure 6(c) shows the process scheme where a
laser beam is scanned over the surface of the powder bed placed
onto the substrate plate, selectively melting and fusing the pow-
der particles. The build platform is subsequently lowered by the
defined layer height distance, and a new layer of powder material

©The Author(s) 2023

is applied by the coater, followed by laser exposure. This process
is repeated until the cubic structures are entirely built. In this
study, the powder materials are processed by a laser with a focal
spot with a diameter of 48 um and a wavelength of 1064 nm on a
316L substrate base plate. All samples were built with an energy
density (VED) of 78 J/mm?® calculated from 150 W laser power
(Pp), 800 mm/s scan velocity (v,), and 80 um hatch distance (D)
with a 30 um layer height (Az,) in an Argon atmosphere.

Numerical Study of nanoparticle evolution in PBF-LB/M melt
pool

The numerical study for NP migration during the PBF-LB/M
process is based on the schematic shown in Fig. 7, where in
HMM—coupled phase-field model transfers transient micro-
structure along with other relevant data into the NP kinematic
model to estimate the migration of NP in the melt. A non-
isothermal phase-field model was employed to simulate the
microstructure evolution of Fe20Cr alloy manufactured by the
PBF-LB/M process, details of which are sufficiently expressed in
our previous works [40, 53].

However, to ensure thoroughness, the essentials of the
model employed are summarized in this section. A stable PBF-
LB/M process was considered without significant vaporization
and resulting phenomena such as keyholing and spattering. The
simulation provided coupled evolution of polycrystalline micro-
structure, melt flow dynamics, and heat transfer on the mesoscale
(0.1-100 um). The possible impact of NP on these mesoscale
effects was tentatively omitted in this study, as the size of NP is
negligible compared to the characteristic scale of the mentioned
physical processes. A conserved order parameter (OP), p was used
to represent the substance field (when p=1) and the atmosphere/
pore region (when p=0). Another non-conserved OP, ¢ was used
to represent the solid substance, and as the existence of solid and
liquid phases were constrained within only the substance region,

(p — ¢) describes the liquid substance. A series of non-conserved
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OP {1y} were employed to represent the grain orientations. To
limit the polycrystalline orientations inside the solid substance,
a polycrystal constraint (1 — ¢) + >, 7« = 1 was implemented.
The following equations governed the heat-melt coupled micro-

structure evolution (1, 2, 3, 4, 5, 6):

V.u=0 (1)
Du o vpt vy L3 @)
Du oo lyz, L
Dt P Re Fr2 8
PT, 100 o (Lor)s
Dt ' Stey Dt \Per P (3)
Dp 1 _38F
L _ov. (—viL 4)
Dt Pe, ép
Dp 1 8F
D~ Acy 8 )
Dny 1 6F
Dt Acy 8nq ©

with gy = O BPLpxp:

Equations (1) and (2) govern the melt flow with the flow veloc-
ity u. Equation (3) regulates the thermal evolution of the transient
microstructure coupled with the melt flow dynamics. Equation (4)
is based on the conservation of mass. Equations (5) and (6) take
the form of Allen-Cahn equations to govern the melting-solidi-
fication phenomenon and the grain growth dynamics during the
PBF-LB/M process. The explicit formulation for free energy F,
detailed parameterization of the dimensionless numbers, namely
the Reynolds number (Re), the Froude number (Fr), the Stefan
number (Ste), the Péclet numbers (Pe), and the Allen-Cahn num-
bers (Ac) and the fitting of relevant model parameters are well
reported in our previous work [40]. The thermal effect from the
laser beam was modeled as an internal heat source term gy, mov-
ing with the scan velocity v. @ is the interpolation function used
for the substance field, 8 is the attenuation coefficient, p, and p,
dictate the power distribution in scanning (x) and build (z) direc-
tions, respectively.

Transient thermal-microstructure, simulated for a single scan
of PBF-LB/M processing with P; =160 W, v,=800 mm/s and a
laser beam diameter of 160 um was employed to investigate the
NP migration during the PBF-LB/M process [40]. Two different
NP compositions, i.e., Y,05 and ZrO,, were compared to justify
the selection of NP in experiment. Table 2 shows the Hamaker
constants and densities of these NP compositions. A, and A,
are Hamaker constants that quantify the interactions between NP
dispersed in the vacuum and the melt, respectively. Equation (7)

shows the kinematic model for estimating the NP migration

©The Author(s) 2023
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Figure 7: Schematic for the simulation workflow, including Heat-Melt-
Microstructure (HMM)—coupled phase-field simulation for PBF-LB/M
process and subsequent NP kinematic model with data received from
the phase-field simulation, to estimate the NP migration. The workflow is
based on our previous work from Yang et al. [40].

during the PBF-LB/M process. The model considered force bal-
ance on the dispersed rigid NP (labeled as i) with density g,, radii
ri, and the translation velocity v; in the melt. Force density due
to melt flow driven, (fy;) was calculated and imported from the
phase-field simulations. Furthermore, the influence of gravity (¢,g)
and van der Waals interaction force density between NP (f,) was
also considered. f, depends onA ., the distance between the cent-
ers of NP (dc) and their corresponding radii (r;, rj). Notably, the
influence of electrostatic interaction between NP was excluded
due to the strong screening effect of background-free electrons in
the melt [54, 55].

v
org, = 0+ fu+fa @
with, fM = Qm< % |x,- - #g\)’
32Ap:n1dC(rfrj)3 XX

and f, = —

W, [dé—zdé(r‘-z+r].2)+(ri2—rj2)2]2 T
Considering the additivation of NP on surfaces of the
powder particles in a 3D simulation, the number of NP to
be additivated and traced during the processing simulation
would be derived from the mass fraction of the NP, 8 as shown
in Eq. (8), where p,, and p; are the densities of powder mate-
rial and NP, respectively. R; and r; represent their correspond-
ing radii. However, in the case of a 2D scenario, the number
of NP to be traced is given by Eq. (9).
00mR;

, 8
Qirf ®

3D _
Ny© =

www.mrs.org/jmr

2023

Journal of Materials Research



Journal of
MATERIALS RESEARCH

%m

TABLE 2: Density and Hamaker constants for interactions between NP in
avacuum (A,,) and in the melt (A,,)) for Y,0; and ZrO,.

Material olkgm™) A, (10%°)) A, (107%°J) References
Y,0, 5010 140 543 [40]
Zr0, 5850 200 2.58 156, 571
0o, R?
2D m—]
N7 =—"3 ©)
Qit;

The number of NP required to be traced in a 2D simula-
tion is one order lower than in the 3D scenario. It is worth not-
ing that the reduced number of NP in 2D tracing may eventu-
ally lead to a possible low agglomeration fraction compared
to the actual one from experiments. Yet, it can deliver the
phenomenological understanding of agglomeration affected
by the varying NP properties. The NP trajectories were then
calculated numerically by discretizing the kinematic model
in the backward differences scheme, wherein the time incre-
ment for NP trajectory modification was sourced from the
phase-field-based process simulation. Agglomerated NP were
identified by employing an adjacency test, where the distance
between the NP (dc) centers is individually compared with
the corresponding sum of their radii (r; +r;). Subsequently,
the NP were classified as agglomerated or non-agglomerated.

Adopting the NP size distribution with mean radii 13.4 nm
and mass fraction 0.005 wt.-% from the former research [40],
seven powder particles are additivated with 930 and 1092 NP
to compare the agglomeration statistics between ZrO, and
Y,0,, respectively. Based on the adjacency test, the traced NP
are classified as agglomerated or non-agglomerated, as well
as their final positions in the microstructure, i.e., grain, grain
boundaries, pores, and surface.

To accurately simulate the NP tracing during the PBF-
LB/M process in a 2D simulation domain, seven powder par-
ticles are required to be additivated by approximately 8.09
million NP with mean radii 1.82 nm, thereby implementing
0.8 wt.- % following the experimental parameters for NP size
and mass fraction. However, owing to the constraints posed
due to limited computational resources, the actual size dis-
tribution and mass fraction of ZrO, NP generated from LAL
could not be employed, and therefore, 4278 ZrO, NP with
mean radii 6.25 nm were additivated on the seven powder
particles, representing 0.005 wt.-% NP load and simultane-

ously traced during a single scan of PBF-LB/M.
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Oxide distribution in PBF-LB/M-processed
ODS steel: Effects of ball milling

and dielectrophoretic deposition in
powder production
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Abdelrahman Elsayed3, lhsan Murat Ku;oglu4 ,
Avinash Hariharan®, Ulrich Krupp?® and Bilal Gokce'

Abstract

This study provides key insights into the critical role of nanoparticle distribution in oxide dispersion-strengthened (ODS)
powders for laser powder bed fusion (PBF-LB/M). A comparative analysis of mechanical (ball milling, BM) and liquid-based
(dielectrophoretic deposition, DD) additivation methods was conducted to produce ODS feedstocks by integrating
I vol.-% yttria (Y,03) nanoparticles into Fe20Cr metal powder. ODS materials enhance high-temperature strength
and creep resistance by dispersing fine, stable oxide particles within a metal matrix. This makes the precise size and dis-
tribution of nanoparticles crucial in the final bulk material. Powder characterisation shows that while both methods pro-
duce powders suitable for high-density parts, the DD method achieves higher uniform nanoparticle distribution, with
smaller average particle sizes (74 nm) and interparticle distances (826 nm). In contrast, longer milling durations resulted
in slightly larger particle sizes (77 nm) and distances (790 nm), while shorter milling times produced even larger nano-
particles (108 nm) with greater interparticle distances (I | 14 nm). These results suggest that DD offers advantages in opti-
mising the distribution of oxide nanoparticles to enhance the strengthening effects in high-temperature applications.
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nanoparticle additivation, laser powder bed fusion, mechanical alloying, liquid-based, interparticle distance
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temperature deformation.® Well-known ODS steels, includ-
ing EUROFER,* MA956° and PM2000, show 20%
increase in compression strength at 600°C for ODS fabri-
cated via AM compared to raw steel matrix.® The conven-
tional manufacturing of ODS steels involves intricate and
expensive processes with several process steps, such as sin-
tering with subsequent high isostatic pressing (HIP), to
ensure the homogeneous distribution of ONPs within the

Introduction

Additive manufacturing (AM) has emerged as a transforma-
tive technology with significant implications for modern
industries. Particularly in producing complex geometries,
the versatility of AM has positioned it as a crucial player
in advancing manufacturing processes. Among the materi-
als explored for AM, oxide dispersion strengthened
(ODS) steels stand out due to their unique properties,
such as high-temperature resistance and mechanical
strength, making them particularly relevant for high-
temperature applications such as fusion power plants.’
ODS steels are engineered to withstand extreme thermal
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and mechanical conditions, preventing creep deformation in
challenging environments.? Due to the strong interaction
between dislocations and nanoscale oxide particles, they
exhibit significantly enhanced creep resistance compared
to dispersion-free ferritic steels. This dislocation interaction
stabilises the microstructure during creep and forms dis-
location loops around the oxide nanoparticles (ONP),
impeding dislocation movement and delaying high-
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metallic matrix. This homogeneous distribution is crucial
for the Orowan mechanism to function effectively at high
temperatures.” Both ONP size and distance are essential cri-
teria for achieving the desired properties.* This makes
homogeneous ODS powder material a critical precondition,
as this initially defines the best possible outcome.

While AM offers the advantage of producing complex
geometries, the limited availability of powder variants, par-
ticularly for high-demand applications, poses a significant
challenge. Specifically, the demand for and research on
ODS materials continuously increases® as AM represents a
comparatively uncomplicated process family for producing
this type of material. Thus, the successful integration of
AM in processing ODS steels has already been demonstrated
multiple times,*'° but choosing suitable powder production
processes remains a critical factor. For high-quality ODS
powders, ONP must be combined with micron-size metal
particles so that the metallic particles are homogeneously
covered with ONP, while agglomeration or the loss of
ONP is to be avoided. This is even more important as the
involvement of a liquid phase and melt pool currents
increases the risk of ONP assemblages occurring.!'™"?
Mechanically alloying is the most widely employed
method due to its ease of use. However, mechanically
alloyed powder is often deformed due to the high applied
forces during milling.'"* Deviations from the spherical
shape may hinder flowability,'> which is crucial for a homo-
geneous powder spread during layer-wise manufacturing.
Thus, the quality of the resulting parts can be seriously
affected.'® Gentler methods, for example, mixing in a
tumble mixer, pose the risk of insufficient bonding of ONP
and metal particles and, thus, inhomogeneous distribution
of ONP in the final part.'” More elaborate methods, such
as liquid-based, seem counterintuitive at first glance, as
incorporating liquids in preferably dry powders to minimise
gas porosity is not the most apparent solution. However,
recent studies have shown that this process is suitable for pro-
ducing ODS powders for high-density parts.'®

Most studies in the field of ODS powders focus on a
single powder production method or limited powder
characteristics, such as particle size or chemical compos-
ition."®'"2! This has resulted in a lack of comprehensive
comparative studies that quantitatively evaluate how differ-
ent ODS powder production processes influence the proper-
ties of the final powder. Furthermore, the use of various
matrices (PM2000,2 MA956,> 14YWT,'® and aluminum
alloys)23’24 complicates direct comparisons. To address this
gap, the present study conducts an in-depth investigation of
two distinct powder additivation methods—ball milling
(BM) with varying durations and dielectrophoretic depos-
ition (DD)—for producing ODS powders specifically tai-
lored for AM via laser powder bed fusion (PBF-LB/M).
The focus is on incorporating 1 vol.-% (~0.6 wt.-%) yttria
(Y205) nanoparticles into Fe20Cr metallic powder. By evalu-
ating powder characteristics in detail, the study aims to assess
the effectiveness of each additivation method in achieving
uniform dispersion of oxide nanoparticles within the metallic
matrix, which is critical for successful processing in
PBF-LB/M. The microstructural analysis conducted here

will be crucial for understanding the impact of these
powder preparation methods on the subsequent consolidation
behaviour during PBF-LB/M processing.

Materials and Methods

Micrometer-sized metal powder with the nominal compos-
ition Fe20Cr (wt.-%) was used as the base material for pro-
ducing oxide-additivated metal powder. The initial particle
size distribution (PSD), as provided by the manufacturer
(Rosswag GmbH, Pfinztal, Germany), ranged from 15 to
45 pm (d19=20.16 pm, dso=34.92 pm, doy=62.50 pm).
The chemical composition of the Fe20Cr powder was
verified by X-ray fluorescence (XRF), confirming a
composition of 79.6Fe-20.4Cr (wt.-%, 78.43Fe-21.57Cr
at.-%). Ceramic Y,03; ONPs with an average particle diam-
eter of 32 to 36 nm and a purity of 99.9% from Goodfellow
Cambridge Ltd were used for additivation. As a PBF-LB/M
platform substrate material, AISI 316L was used.

Processing. Low-energy BM was performed using a centrifu-
gal mill (Retsch S1). For producing ODS powder, an empty
yttrium-stabilized zirconium oxide (YSZ) container (500 ml)
was initially loaded with 300 g of YSZ milling balls (10 mm
in diameter). Fe20Cr metal powder (300 g) was then added,
followed by the ONPs, which were spread over the metal
powder and manually pre-mixed with a spatula to ensure
initial distribution. This mixture was then transferred into
the centrifugal mill for further mechanical mixing. Longer
grinding times can lead to a finer distribution of the
ONPs,” improving the final material’s homogeneity proper-
ties. However, a longer grinding time can also lead to more
significant deformation and fragmentation of the powder par-
ticles, resulting in smaller particle sizes and potential flow-
ability issues.”® The ball-to-powder ratio (BPR), which
significantly impacts the morphology and consequently the
flowability of the powder compared to grinding time,'*
was therefore kept constant in this study. Two parameter
sets were applied on different powder batches: two cycles
of 60 minutes at 70 rpm in air (BM/120 min) and two
cycles of 20 minutes at 70 rpm in argon (Ar4.6) atmosphere
(BM/40 min). This variation allows the study of ONP distri-
bution in the powder and its subsequent effect on the proper-
ties of the printed parts produced with PBF-LB/M.

For the DD process,?’ 250 ml of deionised water (pH 8)
was first added to a 1-litre vessel, followed by the addition
of 300 g of Fe20Cr metal powder. This mixture was briefly
pre-mixed manually to ensure even dispersion of the metal
powder. Separately, the ONPs were dispersed in 150 ml of
deionised water using an ultrasonic finger (Hielscher
GmbH, UP200S) with an amplitude of 75% and a cycle
of 0.75 for 2 minutes. The pre-dispersed ONP solution
was then added to the vessel containing the water and
metal powder, and the entire mixture was manually
remixed to ensure uniform ONP distribution. This final
mixture was subsequently transferred to a rotary evaporator,
where it was dried at 80°C under a 320-mbar atmosphere
for approximately 6 hours, with the rotation speed adjusted
between 80 and 20 rpm depending on the drying progress.
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The reference metal powder and additivated powders
were processed using PBF-LB/M (Aconity Mini, Aconity
GmbH, Herzogenrath, Germany). The different additiva-
tion methods and powder properties can cause potential var-
iations in process behaviour. For this reason, a wide range
of process parameters was selected to compensate for
these variations. This approach ensures that each material,
despite its unique characteristics, can be processed under
conditions most likely to produce dense samples. Nine
cubes (10 x 10 x 10 mm?) were built using identical param-
eter sets in one built job for each powder material with laser
powers (Ytterbium laser, A=1070 nm) between 175 and
220 W, scan speeds between 700 and 915 mm/s, and
hatch distances varied between 70, 80 and 90 pum. The
laser spot diameter was 50 um, and the nominal powder
layer thickness was 30 pm.

Analytical methods. The Y,0; nanoparticles were investi-
gated with transmission electron microscopy (TEM) using
a JEOL, JEM-2200FS machine. PSD of the ODS and refer-
ence powder were determined using dynamic image ana-
lysis. Scanning electron microscopy (SEM; Apreo S
LoVac, Thermo Fisher Scientific) provided insights into
powder morphology, while energy dispersive spectroscopy
(EDS) allowed quantitative comparison of nanoparticle dis-
tribution in the ODS powder. The flow rate and apparent
density of the metal and additivated powders were deter-
mined using a Hall flowmeter, following the procedures
outlined in ASTM B213 and ASTM B212. Flow rate
(Fry) was reported in (g/s), and apparent density (AD) in
(g/em’). The percent packing density (PD) was calculated
using the theoretical density of Fe20Cr (pFe20Cr=
7.724 g/cm?®). Flowability was also analysed using a rotat-
ing drum test. The relative humidity was measured with a
DBS moisture analyser (Kern & Sohn GmbH).
Approximately 10 g of powder was rapidly heated to
150°C for 10 minutes, and the mass loss was expressed
as a percentage. The Fe20Cr base, ODS powder and bulk
samples were subjected to XRF analysis using a Bruker
S8 Tiger instrument equipped with a rhodium X-ray tube
and a beryllium window that operates at a power of 4
kW. For powder measurement, 5 g of the virgin and additi-
vated powders were analysed under a helium atmosphere.
The printed samples were halved, and the cross-sections
representing scanning direction were prepared by grinding

with 180-grit paper to obtain a flat surface before surface
analysis. The bulk samples were measured under vacuum
with an region of interest (ROI) of 8 mm in diameter. The
Quant-Express quantitative method, designed for the
Bruker system, determined each element’s weight percent-
age (wt.%) through the corresponding Ko lines.

Microstructural analysis was conducted using light
optical microscopy (LOM) on metallographically prepared
cross-sections, employing a Leica DM-2700 microscope.
Density measurements were performed on each sample
using five LOM images taken at a magnification of 50x,
with images distributed across the entire build height and
width of the cross-sections to ensure comprehensive cover-
age. The densities of the samples were measured using
Image] software (Version 1.54j). For SEM analysis,
images of the PBF-LB/M reference and ODS samples
were captured at various magnifications. The interparticle
distance was calculated from 4 to 8 images taken at Skx
magnification, while particle size was measured at higher
magnifications of 80kx and 120kx to enhance accuracy.
Pairwise Euclidean distances between particles were com-
puted using the numpy linear algebra norm function (np.li-
nalg.norm). The minimum distances were averaged to
obtain the mean minimum distance, indicating particle clus-
tering. Analysis was conducted using Python with the
Pandas, Numpy and Matplotlib libraries.

Results and discussion

ONP characteristics. TEM analysis was performed on the
Y,03 ONP to assess their morphology and elemental com-
position. Figure 1 presents TEM images of the ONP in
as-received condition and a line scan of one representative
Y,03 particle.

The TEM images (Figure 1(a) and (b)) reveal that the Y,03
nanoparticles (NPs) exhibit a variety of morphologies, including
spherical (Figure 1(a)), plate-like (Figure 1(b)), and irregular
geometries that are plate-like but not symmetrical. The majority
of the particles are angular and plate-like. Additionally, the
images indicate a narrow size distribution among the nanoparti-
cles. A spherical particle shape and uniform sizes are advanta-
geous for consistent material properties in the final part. The
line scan (Figure 1(c)) confirms a homogeneous distribution
of yttrium (Y) and oxygen (O) throughout the nanoparticles,
verifying their composition as Y,0O3. Notably, no core-shell

All Elements

Figure |. Transmission electron microscopy image showing (a) spherical Y,O3 nanoparticles and (b) plate-like Y,O3 nanoparticles.
(c) Line scan of Y,O3 nanoparticle indicating the elemental distribution of yttrium (Y) and oxygen (O).
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structures were detected. However, the observed plate-like
morphology of some Y,Oj; nanoparticles poses a potential
concern. According to the theory of ODS materials,”® a homo-
genous distribution and size of powder particles with a small
interparticle distance,* either through high particle loading or
smaller particles, support the strengthening effect more effect-
ively in high-temperature environments.*® Therefore, a spher-
ical shape of the reinforced particles supports the homogenous
interparticle distance and may positively affect the strengthen-
ing.?®3! The plate-like shapes might lead to anisotropic mechan-
ical properties and less effective pinning of dislocations, which
could compromise the material’s performance under thermal
and mechanical stress. During the melting and solidification pro-
cesses in laser-based AM processes, the strengthening effect can

also be altered due to the distribution of ONP and microstructure
characteristics like grain size.® With the varying process para-
meters, the size of the ONP can be changed.**=* Despite their
high melting point of 2430 +/— 25°C,* the local energy dens-
ities of the laser radiation are high enough to exceed this tem-
perature in the melt pool and cause partial melting,** resulting
in rounding and even dissolving of the smallest ONP. Similar
effects are observed, for example, in WC-containing coatings
applied by laser cladding >’

Particle  morphology and ONP distribution of ODS
powders. Figure 2 presents the results of SEM and EDS
analyses of powder particles, comparing the reference

Re_ferec wder

<+— Different additivation routes ———»

Figure 2. (a) and (b) SEM image of the reference powder. (c) and (d) EDS elemental maps of the reference powder showing Fe and Cr
distribution. (e) and (f) SEM image of powder after BM/120 min. (g) and (h) EDS elemental maps of powder after BM/120 min showing O
and Y distribution. (i) and (j) SEM image of powder after BM/40 min. (k) and (I) EDS elemental maps of powder after BM/40 min showing O
and Y distribution. (m) and (n) SEM image of powder after DD. (o) and (p) EDS elemental maps of powder after DD showing O and Y
distribution. BM: ball milling; DD: dielectrophoretic deposition; EDS: energy dispersive spectroscopy; SEM: scanning electron microscopy.
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powder with powders additivated using the different routes
of BM and DD.

The SEM images reveal distinct particle morphology
and size distribution differences among the powders. The
reference powder (Figure 2(a)) comprises well-rounded
particles typical for gas atomisation. In contrast, the
powders subjected to BM (Figure 2(e) and (i)) exhibit
slightly altered shapes with increased surface roughness,
indicating mechanical deformation during milling. The
visual comparison between BM/120 min and BM/40 min
does not reveal a noticeable difference in particle morph-
ology, indicating that the milling duration (BM/120 min
vs. BM/40 min) does not significantly affect this aspect.
Notably, the DD additivated powder (Figure 2(m) and
(n)) shows distinguishable nanoparticles on the surface,
appearing as whitish dots or flakes. The appearance of
whitish areas contrasts with the BM powders, whose nano-
particles are not discernible via SEM, likely due to their
embedding within the roughened surfaces.

EDS elemental maps (Figure 2(b)—(d), (g), (h), (1), (),
(o) and (p)) provide insights into the elemental distribution
of Fe, Cr, O and Y. Despite different additivation methods,
no significant differences in Y distribution are observed
among the powders. This could be attributed to the
limited sensitivity of EDS in detecting the low Y content
(1 vol.-%) and the small particle size of the Y,05. The
detection limitations of EDS at low Y concentrations
prevent definitive conclusions regarding the uniformity
and aggregation behaviour of the nanoparticles across the

100
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Figure 3. Percentual and cumulated particle size distribution of
powder additivated with different routes.

different additivation routes. Further, more sensitive techni-
ques might be required to assess the nanoparticle distribu-
tion accurately. As far as the observations show, the
distribution of the Y is predominantly uniform, regardless
of the additivation method.

Physical properties of ODS powders. Dynamic image analysis
was utilised to quantify powders’ PSD processed with the
different additivation routes. The results are presented in
Figure 3.

The PSD analysis indicates no significant difference
between the reference powder and the powders processed
through BM (BM/120 min and BM/40 min) and DD. All
samples exhibit a similar distribution, with Do, Dso and
Dy, values closely aligned across the different methods.
This suggests that the additivation processes do not mark-
edly alter the overall PSD of the Fe20Cr powder, even
though the DD curve tends to shift to larger sizes compared
to the reference and BM powders. Table 1 summarises PSD
values of the powders and the related physical properties
determined in this study.

The PSD also shows slightly larger average particle
sizes, so it is assumed that ONP agglomerates could have
occasionally led to the binding of the Fe20Cr particles.
The standard deviation of the size values is within a
maximum of 2%, with the D90 value for the DD sample
showing a deviation of only 0.72 um. Therefore, even
within these minor deviations, the particle size remains
slightly increased, supporting the observation that ONP
agglomerates may have contributed to the binding of the
Fe20Cr particles. However, there is no indication of such
phenomena from SEM analysis of the ODS powders.
Unlike the BM powder, where the nanoparticles are more
uniformly integrated into the matrix, the DD powder
shows nanoparticles prominently on the surface
(Figure 2(n)). Considering the relatively high loading of 1
vol% for ODS steels in AM, the surface coverage by the
nanoparticles is very dense. In the SEM images, several
areas where ONP agglomerations up to 1.5 pm in height
are visible can be identified. When converted to diameter,
these accumulations can increase the detection of small par-
ticles<10 um in the PSD. The relative humidity of the
powders remains low, around 0.09-0.11%, indicating
minimal moisture content not affected by additivation
routes. This shows that a liquid phase in the DD does

Table I. PSD (D), Dsg, Dog), relative humidity, flow rate (Fry), AD, TD, Hausner Ratio and PD of reference powder Fe20Cr and

additivated Fe20Cr + | vol.% Y,O3; powder.

Additivation route PSD

Rel. humidity Flow rate Apparent density Tap density Hausner ratio Packing density

Parameter D|0 Dso D90 rel. H FRH
Unit [m] [um] [um] [%] [g/s]
Reference 20.16 3492 6250 0.11 2.46
BM/120 min 19.84 3496 63.46 0.09 2.46
BM/40 min 19.69 34.51 60.34 0.09 2.46
DD 20.30 36.22 64.37 0.09 2.27

AD TD HR PD
[g/lem?] [g/lem?] [-1 [vol.-%]
3.70 4.76 1.29 48.00
3.85 4.69 1.22 48.86
3.97 4.69 1.18 50.40
3.98 435 1.09 50.52

AD: apparent density; BM: ball milling; DD: dielectrophoretic deposition; PD: packing density; PSD: particle size distribution; TD: tap density.
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not directly influence the residual moisture after the corre-
sponding drying step. Flow rates are similar for all
samples, with the reference and BM powders exhibiting a
slightly higher flow rate than the DD powder. This differ-
ence can be partially attributed to interparticle friction
effects, which influence flow characteristics alongside
packing density and apparent density results. In the DD
powder, the higher apparent and packing densities suggest
a denser particle arrangement with potential interparticle
friction reduction due to ONP surface distribution. The
surface roughness of the DD powder and the agglomeration
of ONP may lead to slightly increased interparticle friction,
resulting in a lower flow rate compared to BM powders.
Apparent density and tap density values show some vari-
ation, with the DD method resulting in the highest apparent
density (3.98 g/cm®) and the lowest Hausner ratio (1.09),
suggesting better packing efficiency and flowability. The
packing density follows a similar trend, with the DD
method achieving the highest value (50.52 vol.-%). The
unprocessed, gas-atomized reference powder is expected
to have the lowest packing density due to its unchanged
sphericity. The potentially reduced sphericity in the BM/
120 min and specifically in the BM/40min powder could
lead to increased particle interlocking. This interlocking
can result in higher packing densities. This could also
occur for the DD powder due to the rougher surface and
agglomeration of the NP. The morphology of mechanically
alloyed powders may be influenced more strongly by the
ball-to-powder ratio than by the milling time."* Since the
BPR remained constant between BM/120 min and BM/
40 min, significant packing density differences between
these powders are not expected. While the DD technique
showed promising results in terms of particle distribution,
density and flowability, it is important to consider the repro-
ducibility of this method. In this study, each experimental

result is based on a single batch, which limits our ability
to fully evaluate consistency across multiple production
runs. Several factors could influence reproducibility in
DD, including environmental variables like ambient humid-
ity and room temperature, as well as fluctuations in water
temperature during the dispersion process or PSD of
metal and nanopowders. Small variations in these condi-
tions could impact the behaviour of the nanoparticles in
solution, their distribution on the metal particles, and the
drying dynamics within the rotary evaporator.

Processability of ODS powders. Table 2 shows the process
parameters and resulting densities of samples produced
from the reference powder and additivated powders via
BM (BM/120 min and BM/40 min) and DD. Identical par-
ameter sets were tested within each respective build job to
evaluate the influence of the different ODS powders on
the production of high-density samples by PBF-LB/M.
The results show high densities with values consistently
above 99.8% could be reached within the analyzed process
window for studied powders. The lowest porosities for
samples built from reference powder, BM/40 min and DD
were achieved with 220 W, 915 mm/s and a 70 um hatch
distance, resulting in 99.98%, 99.94% and 99.92% relative
density, respectively. For BM/120 min, the highest density
of 99.94% was measured using 210 W, 840 mm/s and
80 um hatch distance. However, all samples produced
from ODS powders exhibit a lower density than the refer-
ence Fe20Cr samples. Figure 4 shows a cross-section of
the samples with the highest densities of the reference
and NP-loaded powder with different additivation routes
BM/120 min, BM/40 min and DD. In samples with added
ONPs, the number and size of micropores is slightly
increased. The reasons for this have not yet been conclu-
sively investigated, and considerations include melt pool

Table 2. Varied PBF-LB/M process parameters laser power (P;), scan velocity (vs) and hatch distance (Ay;) with fixed layer height
(Ds=30 um) used in this study with respective resulting relative sample densities.

Process parameters with layer height D;=30 pm

Powder material

BM/ BM/

P, Vs Ay E, Reference 120 min 40 min DD
[WI] [mm/s] [um] [/mm?3] Relative density [%]

175 700 80 104.167 99.94 99.90 99.89 99.87
200 800 70 119.048 99.96 99.83 99.85 9991
200 800 80 104.167 99.96 99.83 99.88 99.85
200 800 90 92.593 99.94 99.89 99.89 99.88
210 735 80 119.048 99.96 99.90 99.91 99.88
210 840 80 104.167 99.94 99.93 99.92 99.92
220 800 80 114.583 99.97 99.88 99.87 99.90
220 915 70 114.494 99.98 99.88 99.94 99.92
220 710 90 114.763 99.96 99.88 99.92 99.87

E, represents the volumetric energy density Ev = P /(AysDsv;) 38 to ease comparison with related studies. Density values below 99.90% are marked in
orange, while a green background marks the highest density values for each material. Bold font indicates the selected samples for subsequent analysis.
BM: ball milling; DD: dielectrophoretic deposition; PBF-LB: laser powder bed fusion.
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dynamics, heat conductivity, absorption and evaporation
being influenced by the ONPs.**~*!

Moreover, the wettability of the ONPs in steel matrix is
low, which may lead to related effects.*? According to
Table 1, moisture introduced by ONPs can be ruled out
as the cause of increased pore formation. Notably, the
pores for the ODS samples have an irregular shape,
whereas the reference sample shows round pores, presum-
ably due to gas inclusions. The irregular shape of the
pores in the ODS samples might also indicate a lack of
fusion during the PBF-LB/M process or be due to the poor
wettability of the nanoparticles within the metal matrix.
When the ONPs are not adequately wet with the surrounding
molten metal during the PBF-LB/M process, it can lead to
incomplete integration of the particles into the matrix. This
inadequate bonding can create voids around the nanoparti-
cles, forming irregularly shaped pores in the final sample.

The results indicate that all ODS powders demonstrate
suitable processability with high-density outputs regardless
of the additivation route. The variation in density is minimal
among the different additivation methods, suggesting that
the process window for achieving optimal density is not sig-
nificantly affected. This implies that the powders’ inherent
properties, such as PSD and flowability, are sufficiently
maintained across different additivation processes and do
not alter the process dynamics to a critical degree. It is
noticeable that the parameters to achieve high-density
samples with BM/120 min powder differ from those
needed for the other powders, and the overall densities
are lower when using BM/120 min powder. The processing
of BM/120 min under ambient air could significantly
impact its processability, as the increased O content in the

powder may lead to a higher incidence of defects.**** In

correlation with the higher determined Hausner ratio, it is
assumed that the homogeneity of the whole powder is prob-
ably low after the long milling process. This means that
analytical methods that involve only small quantities of
powder may need to be evaluated more cautiously. An
overall lower homogeneity might also explain variances
during the PBF-LB/M process, especially regarding the
powder spread and, thus, resulting densities.

Correlation between ODS powder and part composition. The
chemical composition of the powders and the processed
PBF-LB/M samples was analysed using XRF. The results
are summarised in Table 3. According to the added 1 vol.-%
Y,0;, the nominal expected Y,O; content would be 0.6
wt.-%, and therefore, the Y content would be 0.47 wt.%.
The reference powder shows no detectable Y, as
expected. Both BM variants (BM/120 min and BM/40
min) yield similar Y content in the ODS powders, approxi-
mately 0.6 wt.%, indicating that the BM process effectively
combines Y,0; nanoparticles with the Fe20Cr matrix
powder. In contrast, the DD route shows a slightly lower
Y content of 0.467 wt.%, suggesting that the supporting
efficiency of this method should be further optimised in
producing ODS powder despite the initial addition of the
same amount of nanoparticles for additivation as in the
other methods. The Y content tends to decrease by approxi-
mately 65% (BM/40 min) to 70% (DD) during PBF-LB/M
processing. This reduction could be due to the loss of ONP
during the process, possibly from evaporation or the
removal of particles from the process zone by the shielding
gas flow. This reduction may also involve re-precipitation

Reference ((2)] BM/120 min

A

560 MUm

(©) BM/40 min

Figure 4. LM images of cross-sections of a reference (a), BM/120 min (b), BM/40 min (c) and DD (d) sample at 50x magnification.

BM: ball milling; DD: dielectrophoretic deposition.

Table 3. Elemental composition of powders and PBF-LB/M produced samples analysed by XRF, values in wt.-%.

Condition Additivation route Fe +/—- Cr +/— Y +/—
Unit [wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%]

Powder Reference 79.630 0.040 20.370 0.016 - -
BM/120 min 78.940 0.039 20.460 0.0l16 0.602 0.002
BM/40 min 79.000 0.040 20.400 0.016 0.594 0.002
DD 79.070 0.040 20.470 0016 0.467 0.002

PBF-LB/M Samples Reference 80.240 0.136 19.760 0.055 - -
BM/120 min 80.250 0.144 19.430 0.060 0.265 0.005
BM/40 min 80.270 0.136 19.500 0.057 0217 0.004
DD 80.060 0.136 19.790 0.057 0.151 0.004

BM: ball milling; DD: dielectrophoretic deposition; PBF-LB: laser powder bed fusion; XRF: X-ray fluorescence.
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of oxides under processing conditions, which could influ-
ence the observed oxide particle size and distribution in
the solidified matrix. Although SEM was used to analyse
these characteristics, it may not accurately reflect the true
nano-oxide size due to agglomeration and surface effects.
For a more precise determination, especially considering
results from other studies on ODS steels where typical
oxide sizes are closer to 10 nm,>*** techniques such as
TEM could be employed in future works. The significant
decrease in Y content from DD powder to the PBF-LB/M
sample suggests that Y,O; nanoparticles may interact
with the melt differently during the PBF-LB/M process
than BM. SEM analysis reveals that the ONPs in the DD
powder are more concentrated on the surface. This position-
ing leads to greater exposure to laser radiation during pro-
cessing. As a result, the nanoparticles may absorb more
energy, increasing the likelilhood of evaporation.
However, this effect can only occur at the starting points
of the scan vectors as the laser radiation is then absorbed
by melt. It should, therefore, not be significant concerning
the total volume of the samples. Additionally, there is a
potential for NP ejection from the particle surface after
interacting with the laser radiation. *® Furthermore, the Cr
content shows a slight reduction from approximately
20.5% in the powder to 19.5% in the final part, suggesting
a possible loss of Cr during laser processing, likely due to
the evaporation of Cr,0; or elemental Cr. *7%

The discrepancy in Y content detection between powders
and samples might be attributed to the XRF technique. The

penetration depth of X-rays in XRF might affect the measure-
ments. The analysed layer in powder measurements, which is
the thickness of the sample that absorbs 90% of the intensity of
the XRF line of interest, were around 100, 150 and 300 pm for
Al, Cr and Y, respectively. However, the analysed layers in
printed parts were 14, 20 and 39 um. Here, sample surface
preparation is crucial for detecting trace elements in a
matrix. And 180 grit paper results in a surface roughness of
around 25 pm and might result in lower Y amounts detected
in parts. However, the grinding step might pull agglomerated
Y03 particles from the Fe20Cr matrix due to low wettability
between the two phases. Furthermore, an alternative XRF
preparation methodology, such as oxidising powders with a
glass forming matrix to form a glass bead where all elements
are homogeneously distributed, might be recommended to
understand the differences in Y contents in powder and part.
This difference in nanoparticle positioning can lead to varia-
tions in the measured Y content, highlighting the need for
complementary analytical techniques to obtain a higher accur-
acy in the assessment.

ONP size and distribution in PBF-LB/M parts. The theory of
ODS highlights the importance of interparticle distance
(IPD), particle size, and particle appearance in strengthen-
ing effects at high temperatures, making it crucial to
examine these factors to optimise ODS material perform-
ance. Figure 5 shows SEM images of PBF-LB/M samples
at various magnifications, illustrating the nanoparticle dis-
tribution and morphology in samples from BM/120min,

Ball Milling 120 min

Ball Milling 40 min

Different additivation routes ——»

Dielectrophoretic Deposition

mag. 50kx

mag- 12kx

Figure 5. SEM images of PBF-LB/M samples in different magnification and additivation routes: (a)—(c) BM/120 min; (d)—(f) BM/40 min
and (g)—(i) DD. BM: ball milling; DD: dielectrophoretic deposition; PBF-LB: laser powder bed fusion.
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Table 4. Particle size and interparticle distance including SD.

Additivation route Particle count Average particle size SD Particle size Average IPD SD IPD
Unit [-1 [nm] [nm] [nm] [nm]
BM/120 min 1298 77 29 790 79
BM/40 min 680 108 59 1114 363
DD 1194 74 23 826 103

BM: ball milling; DD: dielectrophoretic deposition; IPD: interparticle distance; SD: standard deviation.
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Figure 6. Average particle size and IPD of NP inclusions of the
bulk samples additivated with different routes BM/120 min, BM/40
min and DD based on table 4. BM: ball milling; DD: dielectro-
phoretic deposition; IPD: interparticle distance.

BM/40min and DD powders. The measurements in Table 4,
determined from SEM images at Skx magnification, must be
interpreted cautiously due to resolution limitations that could
affect the accuracy of particle size and IPD values. However,
the comparative analysis remains valid, as all measurements
were consistently obtained under the same conditions. In
addition to the numerical results from Table 4, the results
are also visualised in Figure 6 for better comparison.

As observed in the SEM images, all samples contain
visible ONP regions of various sizes, with larger areas
likely being agglomerates (Figure 5(c), (f) and (i)). The
lower detection limit for the ONP size is approximately 2
to 5nm. Notably, the BM/40 min sample shows larger
ONPs than the manufacturer’s specifications and the other
samples, indicating significant agglomeration during the
shorter milling process and subsequent PBF-LB/M process-
ing. The shorter milling time likely leads to agglomeration,
which can also be observed with a gentler mixing process,
such as tumbling. The ONPs tend to cluster during the
initial milling stages, compounded by the van der Waals
forces and density differences between the ONPs and metal
powder. This results in a less uniform distribution of ONPs
in the printed part, with an average particle size of 108 nm
and a significantly larger IPD of 1114 nm, as detailed in
Table 4. The elongated ONPs in this sample further suggest
that the milling duration was insufficient to break down
these agglomerates, leading to a less controlled distribution.

In contrast, the BM/120 min sample exhibits a finer and
more uniform distribution of ONPs, with an average size of
77 nm and an IPD of 790 nm. The longer milling time facili-
tates the embedding of ONPs into the metal powder, causing
the agglomerates to break down and resulting in smaller, more
spherical particles, according to the literature.>> This
improved distribution is comparable to DD, where the
ONPs are slightly smaller, averaging 74 nm, and better distrib-
uted, as indicated by a narrower size distribution and smaller
error margin in Table 4 and Figure 6. Compared to the embed-
ded ONP on the powder particles of the BM parts, the ONPs
are additivated on the surface of the metal particle. The pos-
ition of ONPs on the surface of the DD powder likely
allows these nanoparticles to immediately interact with the
surrounding melt pool during the PBF-LB/M process, result-
ing in greater oxide particle retention and distribution in the
subsequently solidified microstructure.

In contrast, in the BM samples, where the ONPs are
embedded within the metal matrix, the nanoparticles only
interact with the melt pool once the powder particles have
melted. This delayed interaction could contribute to the
observed differences in particle size and distribution, as
the ONPs in the BM samples might have less time to dis-
perse evenly within the melt pool. Ultimately, while the
analysis does not provide conclusive insights into the differ-
ences in nanoparticle size between the BM powder samples
before processing, it is evident that the BM/120 min and
DD methods produce a more favourable nanoparticle distri-
bution for dispersion strengthening than the BM/40 min
sample. The smaller nanoparticles and shorter interparticle
distances observed in the DD sample are particularly bene-
ficial for enhanced dispersion strengthening, as supported
by previous studies.”®2° Although the differences in size
and distribution of BM/120min and DD are minimal, they
may be more related to the initial size of the nanoparticles
in the powder before processing rather than their position
within the powder particles.

Conclusions

This study comprehensively investigated the impact of dif-
ferent additivation processes on the properties and proces-
sability of ODS powders tailored for the AM process of
PBF-LB/M, addressing the growing demand for high-
performance materials in complex shapes. An amount of
I vol-% Y,0; NP was successfully additivated onto
Fe20Cr powders using BM (ball milling) and DD (dielec-
trophoretic deposition) and subsequently processed into
dense samples.
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It was found that DD maintains the initial powder shape and
surface, while oxide nanoparticles (ONPs) are homogeneously
distributed on the Fe20Cr powder surface. BM powders show
slight deformation and surface roughening, while ONPs are
embedded into the Fe20Cr particles. In the SEM images,
ONPs are not visible on the surface of the BM powders. In con-
trast, ONPs on the DD powder are uniformly distributed on the
surface, forming some agglomerations. The exact distribution
of the nanoparticles could not be further detailed using Y detec-
tion with EDS. ODS powder property analyses indicate that
while the additivation routes do not significantly alter the
PSD (Dsg ~ 35 um), the DD method may offer slight advan-
tages in maintaining powder morphology and potentially in
improving flow properties compared to BM. However, the
observed differences show no apparent impact on the AM
process. Compared to Fe20Cr reference material, ONP additi-
vation does not significantly impact the maximum achievable
density of the final parts. The processing window is reduced
regardless of the selected additivation method, which indicates
lower process stability. Deformed particles, partly visible in the
BM samples, can lead to uneven powder deposition and defects
in the printed parts. All additivation routes effectively intro-
duced Y,0; nanoparticles into the Fe20Cr matrix of
PBF-LB/M parts. The BM/40min samples show larger ONPs
and agglomerates (average size: 108 nm) and greater interpar-
ticle distances (1114 nm) than the BM/120min sample (77 and
790 nm) and DD sample (74 and 826 nm, respectively).

Although the DD method does not achieve a substantial
difference in particle size or interparticle distance compared
to the optimised BM/120 min process, it may be advanta-
geous in applications requiring reduced deformation of par-
ticles and enhanced flowability due to its preservation of
powder morphology. However, an adapted BM process
could yield similar results by optimising milling parameters
to achieve a finer and more uniform distribution of ONPs,
as shown in the BM/120 min samples. Initially, plate-
shaped ONPs could not be observed in the final samples,
probably because they had either been dissolved or were
below the SEM detection limit. The chemical analysis by
XRF showed that both BM variants (BM/120 min and
BM/40 min) had similar Y contents in the ODS powders
(~0.6 wt.%), while the DD method resulted in a slightly
lower Y content (0.467 wt.%). During PBF-LB/M process-
ing, Y content decreased significantly, by approximately
65% (BM/40 min) to 70% (DD), likely due to evaporation
or removal of nanoparticles from the process area, such as
by the shielding gas flow.

While this study focuses primarily on the powder char-
acterisation and oxide distribution in powders produced
by ball milling and DD, it is acknowledged that mechanical
properties are critical for assessing the overall performance
of AM parts. The uniform dispersion of oxides within the
powder is expected to influence the mechanical behaviour
of the printed bulk material; however, this effect was not
evaluated in the present study. The findings presented
here lay the groundwork for future studies investigating
the relationship between oxide distribution and the mechan-
ical properties of AM parts. These future studies will enable
a more comprehensive understanding of how powder

characteristics affect the final material performance.
Additionally, the nanoparticle distribution was primarily
evaluated using SEM and EDS, which, due to resolution
limits, may not fully capture the true size and dispersion
of nanoparticles, particularly for oxides below 10 nm.
Future studies should incorporate higher-resolution techni-
ques such as TEM to provide a more accurate analysis of
nanoparticle size and distribution, along with comprehen-
sive mechanical testing, to more robustly establish the
impact of nanoparticle dispersion methods on bulk material
performance.
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Integrating oxide nanoparticles (ONPs) into additively manufactured oxide dis-
persion-strengthened (ODS) steels is challenging due to their tendency for
agglomeration and particle loss during processing. This study compares chemically
synthesized and laser-generated ZrO, ONPs in Fe20Cr alloys produced by laser-
based powder bed fusion (PBF-LB/M) using two concentrations (0.1 and 1.0 vol%)
under comparable conditions. Oxide nanoparticle (ONP) properties, dispersion,
and their impact on microstructure were analyzed via scanning electron micros-
copy, transmission electron microscopy, electron channeling contrast imaging, and
X-ray fluorescence. Mechanical properties are evaluated through hardness, com-
pression, and creep testing at 600 °C. Laser-generated ONPs exhibited narrower
size distributions (Dgp = 10 nm) and finer initial dispersion, enabling grain
refinement and increased flow stress at 1.0 vol%, increased agglomeration lowered
ONP dispersion and increased interparticle distance. Chemically synthesized
ONPs show broader distributions and less uniform dispersion, but result in finer
grains after heat treatment. Despite coarser grains, the sample with 1.0 vol%
laser-generated ONPs shows the lowest creep rate, indicating that a sufficient ONP
concentration with limited agglomeration is more critical for creep resistance than
grain refinement alone. The results demonstrate that the ONP synthesis route and
loading influence the microstructure and ONPs amount-specific strengthening,
guiding the design of ODS steels for additive manufacturing.

1. Introduction

Oxide dispersion-strengthened (ODS) steels
are known for their exceptional high-
temperature strength and creep resistance,
making them suitable for use in turbines,
boilers, and fusion reactors under extreme
thermal and mechanical loads."™ Their
performance results primarily from a
uniform distribution of nanoscale oxide par-
ticles that impede dislocation motion
via Orowan looping and grain boundary
pinning.[

Conventional ODS production methods,
such as mechanical alloying and hot iso-
static pressing (HIP), are effective but
energy-intensive, costly, and challenging
to scale® Additive manufacturing
(AM), particularly laser-based powder bed
fusion (PBF-LB/M), offers a promising
alternative due to its geometric flexibility
and processing efficiency.”'”) However,
integrating oxide nanoparticles (ONPs) into
metallic matrices during AM remains
challenging. Issues such as agglomeration,
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inhomogeneous dispersion, and particle loss during melting can
impair mechanical performance.!'*~*!

Laser-based nanoparticle synthesis offers precise control over
particle characteristics. Techniques like laser ablation in liquids
(LALs) enable the production of high-purity nanoparticles with
narrow size distributions and well-defined morphologies."**®
In the context of ODS steels, laser-synthesized ZrO, nanopar-
ticles have shown particular promise.'” Depending on process
parameters, monoclinic, tetragonal, or cubic ZrO, phases can
form, exhibiting different internal stress profiles and transforma-
tion behavior.?>*! For example, tetragonal particles may exhibit
residual stresses up to 6 GPa and undergo stress-induced trans-
formations.*®) While production rates and productivity-related
energy efficiencies vary, ranging from 0.3 to 25gh™' and
8-83 Whhg™!, laser-based techniques offer a unique capability
to tailor nanoparticle features like size and shape directly during
synthesis.[?>**!

Zr0, is well-established for dispersoids in ODS steels, valued
for its thermal stability and contribution to creep resistance.**>*!
Although chemically synthesized ZrO, has been widely used, the
potential of laser-generated variants remains underexplored, par-
ticularly in alloys processed by AM. Smaller ONPs (<10 nm)
have demonstrated strong strengthening effects,”” yet their
retention during AM is limited by their high reactivity.”°>”
Compared to more common dispersoids like Y,05,27% zr0,
also offers advantages in oxidation resistance and phase stability.
However, the influence of the synthesis route on their behavior
in AM remains insufficiently understood.

Benchmark values for ODS steels vary depending on the alloy
composition and processing method. Conventionally processed
14Cr and 18Cr alloys can reach flow stresses of 300-460 MPa at
elevated temperatures.’’=% Widely used examples include
PM2000 (Fe-20Cr-5Al), MA956, and 14YWT. However, these sys-
tems combine multiple strengthening effects. To isolate the role
of the oxide, this study uses a binary Fe20Cr alloy, omitting ele-
ments such as Al or Ti, which typically contribute to complex
secondary phase formation.***%

Despite broad interest in ZrO, as a dispersoid, no quantita-
tive study has yet compared the mechanical performance of
AM-processed ODS steels as a function of ZrO, synthesis route.
Additionally, the effect of nanoparticle concentration remained
unclear: While some studies show improvements of mechanical
properties at 0.1vol%,!**! others observe property degradation
above 1.0vol%* due to agglomeration or processing defects.

This study tests the hypothesis that laser-generated ZrO,
nanoparticles, characterized by their narrow size distribution
and high phase uniformity, offer more homogeneous disper-
sion and mechanical performance than chemically synthesized
counterparts. To verify this, a controlled comparison is con-
ducted using Fe20Cr samples additivated with each 0.1 or
1.0 vol% of the respective nanoparticle type (Figure 1). All sam-
ples are produced via PBF-LB/M under comparable processing
conditions.

Before processing, ONPs are characterized by scanning elec-
tron microscopy (SEM), transmission electron microscopy
(TEM), and TEM energy-dispersive X-ray spectroscopy (EDS).
Their surface distribution on the powder is analyzed by SEM
and SEM-EDS. After PBF-LB/M processing, SEM, SEM electron
backscatter diffraction (EBSD), and electron channeling contrast
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Figure 1. Visualization of ODS powder production routes and produced
variants applied in this study.

imaging (ECCI) are used to assess microstructure and
ONP retention. Mechanical performance is evaluated via
hot-hardness, compression, and preliminary creep tests at
600 °C. This temperature corresponds to 0.49 Tm for Fe20Cr
(Tm = 1515 °C) and is relevant within the industrial secondary
creep regime.*” This approach allows for a direct, quantifiable
comparison of key material properties, considering both the
nanoparticle synthesis method and dispersion, while offering
insights into the associated strengthening mechanisms.

2. Experimental Section

2.1. Materials

Laser-generated zirconia ONPs were synthesized from Zr700
material (VDM Metals, Altona, Germany) using LAL in deion-
ized (DI) water (Figure 1). The composition of the target material,
as characterized by X-ray fluorescence (XRF), revealed a compo-
sition of 98.70 wt% Zirconium (Zr), 1.23 wt% Hf, and a residual
0.07 wt% of trace elements. The conventional ONPs were pro-
duced using a chemical synthesis process, with a nominal
average particle size provided by the supplier (abcr GmbH,
Karlsruhe, Germany) of 20 nm and a composition of 99.9 wt%
Zr0,. The following size distribution information was deter-
mined: Dgy=1257 nm, Dsq=26nm, and D;o=11nm. The
metal base powder had a nominal composition of Fe20Cr
(wt%). The initial particle size distribution provided by the man-
ufacturer (Rosswag GmbH, Pfinztal, Germany) ranged from
15 to 45um (Dyo=19pm, Dso=29um, and Dgy=43 pm).
XRF analysis confirmed the chemical composition of the
Fe20Cr powder as 78.7Fe-21.2Cr (wt%).

2.2. Processing

2.2.1. Nanoparticle Synthesis by LAL

Laser-generated ONPs (L-ONPs) were produced by LAL to
ensure precise control over ONP size and distribution.!*¢*®!
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A focused laser beam targets the Zr700 material submerged
in DI water, as described in a previous study.'® For this study,
a YLPN-0.5-1 x 5-80 ytterbium pulsed fiber laser (IPG Laser
GmbH & Co. KG, Burbach, Germany) operates at 61 W,
with a repetition rate of 3 MHz, a wavelength of 1064 nm,
and a pulse duration of 1 ns. The laser beam was focused using
an /0 lens with a focal distance of 167 mm, resulting in
a laser spot diameter of 40 pm. A spiral scanning pattern
facilitated ablation, controlled by a MINISCAN III-14
galvanometric scanning unit (Raylase GmbH, Wefling,
Germany). A peristaltic pump (LabV3, Baoding Shenchen
Precision Pump Co., Ltd., Baoding, China) ensured a constant
flow of DI water at 150 mLmin~' during the ablation
procedure.

2.2.2. Dielectrophoretic Deposition of Nanoparticle-Additivated
Metallic Powders

The dielectrophoretic deposition (DD) process!*”*® was used to
produce ZrO,-additivated Fe20Cr metallic powder by combining
either chemically produced (C) or laser-generated ZrO, (L) ONPs
with Fe20Cr powder. For each powder batch produced via DD,
496 g of Fe20Cr metal powder and 4 g of ZrO, ONPs (1.0 vol%;
0.8 wt% ZrO,) or 499.6 and 0.4 g ZrO, ONPs (0.1 vol%; 0.08 wt%
Zr0,) were mixed with 300 mL DI water in a 2000 mL flask
(Heidolph Scientific Products GmbH, Schwabach, Germany)
as described in ref. [49].

2.2.3. AM by PBF-LB/M

The base and ONP-additivated Fe20Cr powders (Figure 1) were
processed using a laboratory-scale PBF-LB/M system (Aconity
MINI, Aconity3D GmbH, Germany). A Ytterbium fiber laser
(A=1064 nm, spot diameter =48 um) was applied under an
inert argon atmosphere (Ar 4.6, 1050 mbar), and the samples
were produced on a 1.4404 (AISI 316 L) substrate. Processing
parameters were optimized in preliminary trials to achieve max-
imum densification across all powder types. A constant hatch dis-
tance of 80 um, a layer height of 30 pm, and a coater speed of
150 mms~" were used. Scan strategies included full-area expo-
sure and interlayer rotation of 17°. Laser power (175-220 W) and
scan speed (700-800 mm s™') were adjusted depending on the
powder’s optical absorption, which is influenced by nanoparticle
type and concentration. The selected parameters are detailed in
Table S1, Supporting Information. To ensure comparability, all
samples were processed under parameter sets, resulting in a rel-
ative density of at least 99%, thereby minimizing processing-
related variability.

2.2.4. Heat Treatment

After the PBF-LB/M process, selected as-built (AB) samples
underwent heat treatment (HT). Solution annealing at 1100 °C
for 1 h in an argon atmosphere, followed by air cooling, was cho-
sen to mitigate the effects of rapid solidification and cooling
inherent to the PBF-LB/M process.>%>"]

Adv. Eng. Mater. 2025, 2500317 2500317 (3 of 13)

www.aem-journal.com

2.3. Analytical Methods

2.3.1. Nanoparticle Size and Chemical Composition Investigated
by TEM and SEM

The ONPs were analyzed using TEM and SEM. TEM analysis
was performed with a JEM-2200FS (JEOL GmbH, Freising,
Germany) and SEM with Apreo S LoVac (Thermo Fisher
Scientific GmbH, Schwerte, Germany). The size distribution
of the ONPs was determined through image analysis of
bright-field TEM and SEM images using Image] (Version
1.531). Smaller particles (<50 nm) were analyzed using TEM,
capturing 594 particles for the L-ONPs. Contrary to the manufac-
turer’s specified size range of ~#20 nm, a significant portion of the
chemically produced ONPs (C-ONPs) was found to be in the
micrometer range. Due to their unexpectedly large size, 110 par-
ticles were additionally characterized by SEM. In contrast, the
L-ONPs were analyzed only using TEM images. TEM-EDS line
scans were conducted to determine the chemical composition of
ONPs. The acceleration voltages used for TEM images in this
study were 200 and 5kV for SEM.

2.3.2. Nanoparticle Crystal Structure Investigated by XRD

X-ray diffraction (XRD) was used to characterize the phase
composition of the dry ONPs. This analysis utilized a D8
Advanced system (Bruker Corporation, Billerica, USA), operat-
ing in a Bragg—Brentano setup and emitting Cu Ka radiation
(wavelength: 1.5406 A). The XRD pattern was recorded in the
20°-70° 20 range with a step size of 0.01° and an acquisition time
of 5s per step. The resulting diffractogram was analyzed using
the DIFFRAC.EVA software (version 3.0).

2.3.3. Chemical Composition Analysis of Powder and Bulk
Samples

The base and ZrO, ONP-additivated Fe20Cr powders and
PBF-LB/M AB samples were analyzed for elemental composition
using X-Ray Flourescence (XRF) with an S8 Tiger instrument
(Bruker Corporation, Billerica, USA). The detection depths of
~350 pm for powders and 45pm for bulk samples confirm
the reliability of XRF measurements for both material states.
This instrument, equipped with a rhodium X-ray tube and a ber-
yllium window, was operated at 4 kW. Powder samples (3 g) and
cross-sections of AB cubic samples (region of interest (ROI):
8 mm diameter) were measured using the Quant-Express
method to determine elemental weight percentages (wt%).

2.3.4. Microstructural Analysis of as- built Samples

Cross sections of AB base and ONP-additivated Fe20Cr
samples were prepared metallographically for microstructural
characterization. Densities were determined using optical
microscopy (LOM, Leica DM-2700) and analyzed with Image]
(version 1.53t) based on binarized porosity. For EBSD, samples
were polished to a 1 um finish, followed by OPS polishing and
ultrasonic cleaning in ethanol for 10 min. EBSD data, collected
using a Zeiss Sigma SEM (Carl Zeiss Microscopy GmbH, Jena,
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Germany) and a Nordlys Nano detector (Oxford Instruments
Co., Ltd., Oxford, UK), were processed with the AZtecCrystal
software to generate inverse pole figure maps.

To preserve ONP morphology and evaluate particle retention,
high-resolution SEM (Helios GS5) imaging was conducted on
OPS-polished surfaces. Image] (v1.54j) and Python libraries
(Pandas, Numpy, Matplotlib) were used to determine ONP size,
count, and interparticle distance (IPD); the analysis script is avail-
able in the Supplementary Information (Methods S1, Supporting
Information). Further characterization was performed using
FIB-SEM (Zeiss XB 550 L, Carl Zeiss Microscopy Deutschland
GmbH, Oberkochen, Germany) and ECCI at 20kV and a work-
ing distance of 6-7mm to detect ONPs, including subsurface
features. Atomic force microscopy (AFM) (LiteScope,
Nenovision, Brno, Czech Republic) was used to validate the
ECCI findings and distinguish ONPs from pores or preparation
artifacts.

2.4. Mechanical Testing

2.4.1. Hot-Hardness Measurements of Bulk Samples

AB and HT specimens were prepared for hardness testing
through standard metallographic grinding and polishing to a
1pm finish. Vickers hardness was measured using an SRV 4
(Optimol Instruments Priiftechnik GmbH, Munich, Germany)
tribometer equipped with a high-temperature heating mod-
ule. Tests were conducted at room temperature (RT) of
25, 400, and 600 °C under a 9.81 N load (HV1) in an argon atmo-
sphere to prevent oxidation. A heating rate of 10Ks ' and
a dwell time of 15 min ensured thermal consistency while mini-
mizing microstructural changes. Fifteen indentations were
performed at each temperature, and the results were averaged.
Indentations were analyzed at room temperature (RT) using
optical microscopy.

2.4.2. High-Temperature Compression Testing of PBF-LB/M
Samples

Cylindrical samples (5 mm diameter, 14 mm height) were pro-
duced via PBF-LB/M using the parameters in Table S1,
Supporting Information, and cut from the substrate plate.
HT samples were machined to a diameter of 4 mm and a length
of 6 mm. Compression tests were performed in a DIL805 dila-
tometer (TA Instruments, New Castle, USA) under vacuum, with
induction heating raising the temperature to 600°C within
2 min. Samples were compressed at a strain rate of 0.0017 5"
to 25% deformation, followed by 3 min cooling. Actual stress
(6wrue) and true strain (&) were derived from load-displacement
data, and the 0.2%-offset method was used to determine the flow
stress (o), indicating the onset of plastic deformation.

2.4.3. High-Temperature Creep Testing of PBF-LB/M Samples

To evaluate the long-term mechanical stability of the PBF-LB/M
samples, preliminary uniaxial compression creep tests were
conducted on selected HT samples. Cylindrical specimens
(4mm diameter, 6 mm height) were machined in the same
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way as for compression testing. Tests were performed at
600 °C under 50 MPa using a 12kN creep frame with a three-
zone furnace. Temperature was controlled via a thermocouple
near the sample center, and axial strain was continuously
recorded with an inductive sensor (DK25NLR5, WayCon,
Briihl, Germany). Each test ran for 2 weeks.

3. Results and Discussion

3.1. Comparison of NP Chemistry and Morphology

In Figure 2, C- and L-ONPs are compared in terms of morphol-
ogy, shape, and crystal structure and analyzed using SEM
(Figure 2a), TEM (Figure 2d), TEM-EDS (Figure 2b,e), and
XRD (Figure 2¢,f). Quantitative particle size data derived from
these methods are summarized in Table S2, Supporting
Information.

The C-ONPs (Figure 2a) show a broad size distribution
ranging from nanometers to micrometer-sized dendritic struc-
tures (Dgo=1257 nm and Djo=11nm). This inhomogeneity
is attributed to uncontrolled nucleation and growth during syn-
thesis, likely influenced by oversaturation and growth-directing
anions such as chlorides or hydroxides.’>~* Although uniform
synthesis of particles smaller than 30nm is reported,®>>%
such consistency was not achieved under the present synthesis
route.

In contrast, L-ONPs (Figure 2d) exhibit a narrow size distribu-
tion (Dgp = 10 nm and Do = 3 nm) and predominantly spherical
morphology. The observed uniformity is a direct consequence
of the rapid cooling and surface tension effects inherent to
LAL.77% No agglomerates or oversized particles were observed
in SEM or TEM imaging. For size analysis, more than 500 indi-
vidual particles were evaluated using high-resolution TEM at
varying magnifications. Figure 2d provides an overview and
includes representative particle clusters; quantitative measure-
ments were based on isolated ONPs.

Elemental compositions determined by TEM-EDS (Figure 2b,e)
confirm Zr and O as primary constituents in both ONP types.
L-ONPs (72 at% O, 28 at% Zr; 31 wit% O, and 69 wt% Zr) showed
atomic ratios closer to stoichiometric ZrO, (67 at% O, 33 at%
Zr; 26 wit% O, and 74 wt% Zr), while the C-ONPs (36at% O,
37 at% Zr; 23 wit% O, and 77 wit% Zr) deviated slightly, possibly
due to precursor residues or surface adsorbates.

XRD analysis (Figure 2¢,f) revealed phase differences between
both nanoparticle types. C-ONPs crystallized in the monoclinic
ZrO, structure, whereas L-ONPs predominantly exhibited a
tetragonal phase, with minor HfO, traces originating from the
ablation target.

These results highlight substantial differences in particle
size, morphology, and phase composition. While more than
500 L-ONPs were statistically analyzed, the irregular shape and
clustering of C-ONPs limited the dataset to 30 well-resolved par-
ticles, as observed in SEM, supplemented by TEM data for
broader representation. Despite this, the data provide a robust
basis for evaluating the influence of ONP characteristics on
microstructure and mechanical performance, which is explored
in the following sections.
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Figure 2. a) SEM, d) TEM, b,e) TEM-EDS line scans, and c,f) XRD of a—c) C-ONPs and d—f) L-ONPs.

3.2. Influence of NP Loading and Type on the NP Distribution
on ODS Powders

In Figure 3, a SEM and SEM-EDS comparison of the spatial dis-
tribution of C-and L-ZrO, ONPs on Fe20Cr microparticles is
shown. Quantitative elemental data are provided in Table S3,
Supporting Information.

C-ONPs (Figure 3jh) tend to form large agglomerates
(>500 nm), reflecting their irregular, dendritic morphology. In
contrast, L-ONPs (Figure 3n,r,t) form smaller, more uniform
clusters (<100 nm) with more homogeneous surface coverage.
This is attributed to their narrower size distribution and spheri-
cal shape. Despite their nanoscale uniformity, even L-ONPs
exhibit some agglomeration due to van der Waals forces and sur-
face energy effects.!® Higher ONP loading increases the fre-
quency and size of agglomerates in both systems. However, at
1.0 vol% addition, L-ONPs create a more continuous and homo-
geneous coating layer (Figure 3r), while C-ONPs leave visibly
uncovered regions at 0.1vol% (Figure 3j).

While this trend is consistent across the series, the number of
visually distinguishable ONPs may appear lower in some laser-
modified samples (e.g., Figure 3s,r) compared to chemically mod-
ified ones (e.g., Figure 3k,j), despite the higher loading. This is
attributed to the small size and dense surface coverage of
L-ONPs, which, at sufficient concentration, form a near-continuous
nanolayer that appears uniform in SEM imaging. Additionally,
these particles’ low electrical conductivity and minimal volume
reduce contrast in electron imaging, making them less distin-
guishable than the larger, topographically protruding C-ONPs.
We have clarified this optical effect in the manuscript to avoid
potential misinterpretation of the particle distribution behavior.

XRF analysis (Figure 4) complements SEM-EDS by providing
bulk quantification of Zr. EDS, with its shallow penetration
depth, is particularly sensitive to compositional variations at
the particle surface, where clustered ONPs were visually
observed in SEM images (see Figure 3j). Therefore, higher
Zr readings in chemically modified powders may partly reflect
the presence of loosely adhered ONP clusters on the powder
surface. Conversely, L-ONPs yield lower but more uniform
Zr signals in both EDS and XRF, supporting the visual impres-
sion of even distribution. It is worth noting that EDS

Adv. Eng. Mater. 2025, 2500317 2500317 (5 of 13)

measurements on powder surfaces are influenced by surface
roughness, particle curvature, and potential charging effects,
which can contribute to signal variability and quantification
uncertainty.!®"!

Theoretical Zr contents for 0.1 and 1.0 vol% additions are ~0.06
and 0.6 wt%, respectively. However, both EDS and XRF measure-
ments show sublinear increases with higher ONP loading. This
deviation indicates a saturation limit for ONP adherence to the
powder surface, with excess particles likely detaching during mix-
ing or handling. These findings highlight the more homogeneous
distribution characteristics of L-ONPs and establish a composi-
tional basis for evaluating their retention and mechanical impact,
which will be discussed in the following sections.

3.3. Influence of ODS Powders on the Microstructure of
PBF-LB/M Processed Parts

In the cross-sectional images (Figure 5), it can be seen that the
addition of ONPs alters both porosity and pore morphology in
Fe20Cr samples. The non-additivated reference (Figure 5a)
exhibits the highest density (99.98%) with isolated spherical
pores, typically associated with gas entrapment. In contrast, sam-
ples with 1.0vol% ONPs exhibit a density reduction down to
99.04% and irregular dark features. Although similar features
have been described as slag inclusions in Al-containing
steels,*** no reactive alloying elements or internal structures
were detected here. Thus, these defects are attributed to incom-
plete ONP incorporation and were included in the densification
analysis as pore-like features.

While the absolute change in density is small (e.g., 99.98-
99.04%), such differences may significantly impact creep perfor-
mance. Previous studies on AM 316 L have shown that even a
porosity of 2#0.1% can reduce creep life due to cavity nucleation
at defects.[*?

HT at 1100 °C for 1 h did not change porosity but significantly
affected the microstructure. The EBSD images (Figure 6) illus-
trate the grain structures of the studied samples. The reference
material (Figure 6i,j) exhibits the expected ferritic grain structure
typical of additively manufactured steels, with grain sizes (GSs)
of no clear preferred direction and a size of 17 um in the AB and
10 pm in the HT condition.
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Figure 3. a,b,e-g,i~k,m—0,q-s) SEM imaging and c,d,h,l,p,t) SEM-EDS analysis of non-additivated Fe20Cr powder (upper section), chemically produced
(middle section), and laser-generated (lower section) ZrO, NP distribution on Fe20Cr microparticles with 0.1 vol% (left) and 1.0 vol% (right) after feed-

stock additivation.
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Figure 4. Zr content in the ODS powder as determined by EDS and XRF.

The rapid temperature fluctuations in the PBF process may
lead to interrupted recrystallization, promoting a finer grain
structure rather than grain coarsening. The nanoparticles act

Adv. Eng. Mater. 2025, 2500317 2500317 (6 of 13)

as grain growth barriers (Zener pinning), stabilizing this micro-
structure and favoring grain refinement. The recrystallization
process during HT is initiated by heating the ferrite to a specific
temperature range (<700-1300°C/**™®*)), where the thermal
energy provided allows grains to overcome nanoparticle pinning.
At higher temperatures, grains gain sufficient energy to coarsen
by bypassing the particles, leading to grain growth and forming a
new, more homogeneous grain structure.*!

Samples with L-ONPs (Figure 6¢,d) initially (AB) exhibit a vis-
ibly higher number of very fine grains than those with C-ONPs,
yet no measurable anisotropy is observed. In contrast, the heat-
treated L-0.1/1.0 (Figure 6g,h) samples are the only ones to show
distinct anisotropy, with grains aligned along the build direction
(BD) and aspect ratios (vertical mean linear intercept (MLI)/
horizontal MLI) of 2.03 +1.46 (L-0.1) and 2.80 4+ 2.25 (L-1.0),
respectively. In contrast, samples with C-ONPs show no pre-
ferred grain elongation, neither in AB (Figure 6a,b) nor in HT
(Figure 6e,f) condition, with aspect ratios close to 1.0.
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Figure 5. LOM images and part densities of PBF-LB/M samples in AB condition. Cross-sections show samples processed with a) no ONPs (reference),
chemically synthesized ONPs at b) 0.1vol% and c) 1.0vol%, as well as d) laser-generated ONPs at 0.1 vol%, and e) 1.0 vol% loading.
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Figure 6. EBSD results of AB and HT ODS steel samples with a—j) representing IPF color maps according to the key depicted and BD in (k).
C and L indicate samples with chemically (C) and laser-generated (L) ONP, respectively, while 0.1 and 1.0 represent the ONP volume fractions.
The reference samples ((i) and (j)) highlight grain structures without ONPs in the AB and HT conditions.

The diagram in Figure 7 quantifies these trends and confirms
that ONP type and distribution influence GS evolution. The pro-
nounced grain refinement observed in the AB condition for
L-ONPs (GS ~1 pm) is attributed to their small size and uniform
dispersion, which enables effective grain boundary pinning dur-
ing the cyclic thermal exposure of the PBF process. In contrast, the
GS of C-0.1 decreases from 5 pm (AB) to 1 pm after HT, represent-
ing a 72% reduction. This may result from particle-stimulated
nucleation at larger ONPs, due to their higher lattice mismatch
and stronger interface energy. However, whether true nucleation
or incomplete recrystallization, the underlying mechanism is not
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conclusively identified and may depend strongly on local process-
ing and HT conditions. Both systems exhibit reduced refinement
effects at higher ONP loadings (1.0 vol%), with GSs increasing to
16 pm for L-0.1 and 25 pm for L-1.0 after HT, likely due to particle
agglomeration and coarsening.

While the EBSD data confirm general trends, the limited scan
area may not capture all microstructural variability, particularly
after HT. Additionally, exploring a broader temperature and
duration range for HT would be valuable for optimizing and bet-
ter understanding temperature-dependent changes in micro-
structural and mechanical alloy properties.
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Figure 7. GSs determined by line intersection on the EBSD images in horizontal, vertical alignment to the build direction resulting in mean GS (total)
calculated via MLI of the PBF-LB/M samples in a) AB and b) HT conditions.
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3.4. Evaluation of NP Size and Distribution in PBF-LB/M
Processed Parts

In XRF measurements (Figure 8), a marked reduction in Zr
content is observed in as-built parts compared to the powder
feedstocks, indicating nanoparticle loss during PBF-LB/M.
The complete dataset is available in Table S4, Supporting
Information. This loss, attributed to evaporation or spatter-
induced ejection under high-temperature laser exposure, is more
pronounced at higher ONP loadings. Quantitatively, C-ONPs
exhibit 30% loss at 0.1vol% and 25% at 1.0vol%, whereas L-
ONPs show 20% loss at 0.1vol% and 30% at 1.0 vol%.

This loss can be attributed to particle evaporation or ejection
during laser exposure. The elevated thermal input and interac-
tion with process gas flows promote spatter and vaporization,
especially for particles loosely bound at the surface. L-ONPs,
although initially more homogenous dispersed, and smaller in
size, become increasingly prone to loss at higher ONP loadings.
This is explained by their tendency to coalesce during heating,
which reduces surface area and weakens van der Waals interac-
tions with the surrounding matrix. As a result, adhesion is
reduced, and particles are more readily displaced or vaporized
during melting.

At lower loadings, L-ONPs benefit from their high surface-
to-volume ratio and stronger van der Waals forces, which pro-
mote higher adherence to the melt pool and result in lower loss
rates compared to the bigger chemically synthesized counter-
parts. However, at higher ONP loadings, this advantage is
negated by increased coalescence and a higher statistical proba-
bility of surface exposure to the laser, both of which amplify the
risk of ejection or vaporization.

In contrast, C-ONPs—despite their larger size and less uni-
form distribution—are less prone to thermal coalescence, which
may partially explain their more consistent retention behavior
across different ONP loadings.

It should be noted that while matrix elements such as chro-
mium are also subject to partial evaporation under PBF-LB/M
conditions, they remain primarily embedded within the
melt pool and benefit from rapid re-solidification. ONPs, partic-
ularly those at or near the surface or loosely present within the
powder bed, experience weaker thermal coupling and are more

&8 [ ]Powder
81 B solid
o\§° 0.6
$ 044
9
c
Q
o
o« 0.2
N
0.0-

C-0.1 C-1.0 L-0.1 L-1.0

Figure 8. Measured Zr amounts (wt.-%) in the ODS powder feedstocks
and AB PBF-LB/M ODS parts via XRF technique.
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vulnerable to localized overheating, recoil pressure, and gas flow-
induced displacement. This makes their retention behavior fun-
damentally different and more prone to loss, despite the high
thermal stability of ZrO, itself.

While XRF provides bulk data, its limited spatial resolution
necessitates the use of complementary nanoscale techniques.
ECCI imaging (Figure 9) reveals ONPs as nanoscale black dots
(exemplary dashed with white circles), which AFM confirms as
topographical protrusions with a height of ~#0.5-1 nm and a lat-
eral size of 20-40 nm (Figure 9f—i), consistent with the expected
ONP dimensions (Figure 10).

The yellow arrows indicate ONPs aligned along small-angle
grain boundaries, supporting their role as pinning agents stabi-
lizing the microstructure. Magenta arrows mark blurred ONPs
beneath the surface, indicating sub-surface disruptions. Red
arrows in Figure 9d and the zoomed view in Figure 9e highlight
line-like features observed in the L-1.0 sample. Based on their
morphology and location, they are interpreted as dislocation
lines, in line with previous observations in similar ODS
steels.*” ! Their proximity to ONPs suggests a possible inter-
action, such as dislocation pinning or stress-induced formation
from sample preparation. One potential cause may be internal
stresses associated with the tetragonal-to-monoclinic phase trans-
formation of L-ONPs during cooling (970-750 °C).””) Further
high-resolution investigations, such as TEM or HR-EBSD, would
be required to confirm the exact mechanism.

The total number of ONPs detectable via ECCI varies
significantly: L-1.0 yielded only 107 particles due to either
image resolution or agglomeration-induced detectability loss.
Representative high-magnification ECCI images used for particle
size analysis are provided in Figure S1, Supporting Information,
to illustrate the resolution and measurement basis. The ONP size
distribution in bulk samples (Figure 10) shows that L-1.0 con-
tains the largest ONPs, indicating coalescence. In contrast,
C-0.1 exhibits the most petite average ONP sizes and the most
uniform distribution.

SEM imaging (Figure 11) complements ECCI by enabling
broader field analysis. ONPs appear as bright dots; however,
particle sizes are generally overestimated due to charging and
potential artifacts from sample preparation. However, larger par-
ticle sizes observed in SEM may indicate agglomeration behav-
ior. For example, in Figure 11d, a spherical L-ONP with an
approximate size of 70nm can be observed, suggesting
that ONPs may have undergone partial melting during the
PBF-LB/M process, resulting in larger spherical volumes upon
solidification. Furthermore, agglomerated ONPs are frequently
observed in high-loading samples, forming dendritic structures
(Figure 11ij). In C-ONPs, larger particles retain their shape.
They are found at the edges of these structures (Figure 11i),
whereas L-ONPs (Figure 11j) appear to have melted together,
contributing to the dendritic formation.

The IPD analysis (Figure 11k, and Table S5, Supporting
Information) further clarifies the dispersion behavior of ONPs
in the PBF-LB/M samples. Notably, the L-1.0 sample—despite
its high ONP loading—exhibits the largest average IPD
(734 £ 475 nm). This contradicts the expected trend of decreas-
ing IPD with increasing ONP concentration, suggesting a satu-
ration threshold at which additional particles no longer improve
dispersion but promote agglomeration and localized growth.
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Figure 9. ECCl images of additivated solid samples with a,c) 0.1 vol% and b,d,e) 1.0 vol% a,b) C-ONPs and c—€) L-ONPs, exemplarily marked by the white
dashed circles. Exemplary ONPs under the surface are shown with magenta arrows; dislocations are indicated with red arrows, and pores with blue
arrows. f) AFM analyses with g—i) several measurements revealed elevations in the Z-direction.
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Figure 10. ONP size in PBF-LB/M processed samples in AB condition
optically analyzed by ECCI images.

The reduced number of discrete particles in L-1.0 aligns
with ECCI and SEM observations of particle clustering and
coalescence.

In contrast, the low-loading L-sample (L-0.1) shows a lower
average IPD, consistent with more effective dispersion and a
higher number of individually detectable particles. For
C-ONPs, the difference between C-0.1 (520 + 348 nm) and
C-1.0 (445+309nm) is less pronounced. Interestingly,
C-1.0 exhibits a slightly smaller average IPD than C-0.1, despite
its higher ONP loading. This is counterintuitive given that the
C-0.1 sample contains the smallest ONPs (see Figure 10), which,
under ideal dispersion, would be expected to produce the lowest
IPD. One possible explanation lies in a less uniform particle dis-
tribution in C-0.1 or sampling limitations in the image-based
evaluation. However, it may also reflect the lower tendency of
C-ONPs to agglomerate under thermal exposure, as discussed
in the XRF section. Unlike their laser-generated counterparts,
the larger and structurally stable monoclinic ONPs exhibit
reduced coalescence and stronger resistance to melt pool dynam-
ics, potentially resulting in more consistent particle spacing even
at higher loadings.

Adv. Eng. Mater. 2025, 2500317 2500317 (9 of 13)

In summary, although L-ONPs exhibit a more homogenous
initial dispersion and chemical purity, their tendency to agglom-
erate at higher ONP loadings reduces their effective particle
number and dispersion quality postprocessing. This observation
is crucial for evaluating the hypothesis that L-ONPs, if retained in
a small, well-dispersed form, enhance strengthening efficiency
through the Orowan mechanism.

3.5. Influence of NP Size and Distribution on Mechanical
Properties of PBF-LB/M Processed Parts

The mechanical performance of PBF-LB/M-processed Fe20Cr
samples was evaluated through hardness testing (RT, 400 °C,
600°C) and compression tests at 600 °C, supported by creep
experiments. The selected temperature of 600 °C corresponds
to 0.49 Tm for Fe20Cr (Tm = 1515 °C) and lies within the sec-
ondary creep regime,**! ensuring relevance for high-temperature
applications.

In the AB condition (Figure 12a), the reference sample exhib-
ited the highest hardness. All ONP-additivated samples showed
slightly lower values, with L-1.0 (AB) marginally lower than the
chemically modified variants. HT at 1100 °C for 1 h (Figure 12b)
reduced the hardness across all samples due to recrystallization
and grain growth (see Figure 6 and 7).

However, the extent of degradation varied depending on ONP
type and loading. L-ONPs at 1.0 vol% (L-1.0, HT) achieved the
highest hardness values (171 HV1 at RT and 168 HV1 at
400°C), followed by C-1.0 (168 HV1 at RT and 156 HV1 at
400°C), while 0.1vol% ONP samples showed only minor
improvements over the reference (150 HV1 at RT and 140
HV1 at 400°C). The reduced variability observed in L-1.0
suggests a more homogeneous strengthening effect, consistent
with homogeneous dispersion and finer ONP size. For compari-
son, in Table 1, the results of hardness measurements of
HT samples at RT and 400 °C are shown.

Compression testing at 600 °C (Figure 12¢) confirmed these
trends and highlighted the influence of GS and IPD on the flow
stress. C-0.1 exhibited the highest strength with an increase of
21% compared to the reference (252+7 MPa), followed by
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Figure 11. SEM images of additivated solid samples with a—d) 0.1vol% and e—j) 1.0vol% a,b,e,f,i) C-ONPs and c,d,g,h,j) L-ONPs in different magni-
fications. The optical analyzed IPD of the ODS samples is shown in diagram (k) with the values in Table S5, Supporting Information.
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Figure 12. Hardness measured at room and elevated temperature on a) AB and b) HT parts, flow stress as a result of compression tests on ¢) HT parts at

600 °C.

Table 1. Vickers hardness of as-built parts at RT and 400°C in HT

condition.

Vickers Hardness at RT ~ SD  Vickers Hardness at 400°C  SD
HV1 HV1 HV1 HV1

Ref, HT 150 2 140 11
L-0.1, HT 155 3 41 7
L-1.0, HT 171 6 168 3
C-0.1, HT 159 2 150 21
C-1.0, HT 168 1 156 11

Adv. Eng. Mater. 2025, 2500317

2500317 (10 of 13)

15% for L-0.1 (240 + 6 MPa), and ~10% for C-1.0 (228 + 7 MPa)
and L-1.0 (229 & 12 MPa). The high flow stress of C-0.1 correlates
with its refined GS (1+1pm) and moderate IPD
(520 + 348 nm). In contrast, L-1.0, despite containing smaller
ONPs, showed a lower flow stress due to a coarser GS
(25 £ 21 pm) and the highest IPD (734 & 475 nm). These find-
ings indicate that GS primarily governs flow stress in short-term
plastic deformation, while IPD plays a secondary role. ONP size
alone is not decisive unless supported by practical grain refine-
ment and dispersion.

In contrast, creep deformation at 600°C and 50MPa
(Figure 13) was more strongly influenced by the ONP type
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Figure 13. Results of creep tests performed at 600 °C under 50 MPa using
a 12 kN creep frame (HT condition).

and ONP loading. The L-1.0 sample, characterized by the highest
aspect ratio (2.80 £ 2.25), demonstrated the lowest steady-state
creep rate (5.0 x 1073s7"), followed by C-1.0 (7.0 x 10~®s™),
both significantly lower than the reference (2.0 x 1077 s™).
The lowest result for L-1.0 in comparison to the other samples
was confirmed by a repeat test, supporting the reliability of the
observed lower creep rate. Although minor density variations
might impact creep performance, as discussed earlier, such
an effect was not prominently observed here.

C-0.1, despite achieving the highest flow stress, showed infe-
rior creep resistance compared to higher ONP-loaded samples.
This suggests the benefits of grain refinement diminish during
prolonged thermal exposure. The notably poorer creep perfor-
mance of L-0.1 (3.0 x 1077 s7%) correlates with increased nano-
particle agglomeration, indicated by larger ONP sizes
comparable to C-1.0 and a relatively high aspect ratio
(2.03 £ 1.46). Such agglomerates likely reduce the efficiency of
individual nanoparticles for Orowan-type dislocation pinning
and introduce local structural imperfections, which may explain
the observed differences.

To evaluate the potential influence of Zr content on the
mechanical performance, the actual Zr concentrations in the
printed parts were determined via XRF (Figure 8):
L-0.1 =0.057 wt%, C-0.1=0.048wt%, L-1.0=0.463 wit%, and
C-1.0=0.580 wt%. While C-1.0 exhibits the highest overall Zr
content, the higher creep resistance and hot-hardness observed
for L-1.0 suggest that total Zr content alone is not the dominant
factor. Instead, particle size, dispersion quality (IPD), and micro-
structural stability play a more decisive role.

The mechanical response of the investigated ODS steels is
thus governed by ONP load-specific mechanisms: GS and IPD
dictate performance in short-term loading. At the same time,
thermally stable dispersoids control long-term behavior. These
findings confirm that L-ZrO, ONPs, when well-dispersed, are
particularly effective in improving high-temperature creep resis-
tance. However, their tendency to agglomerate at higher concen-
trations can lead to increased IPD and reduced strengthening
efficiency.

It is important to note that the creep tests presented here were
exploratory and based on single measurements per condition.
While trends are observed, further replicates are needed to estab-
lish statistical robustness. Moreover, the selected creep tempera-
ture was chosen for consistency with compression testing and
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does not cover the full range of application-relevant conditions,
which may involve higher temperatures and stresses.

Future studies should include post-mortem high-resolution
analysis (e.g., TEM and HR-EBSD) to investigate dislocation—
particle interactions and directly validate proposed mechanisms
such as Orowan looping or particle pinning. Complementary
chemical analysis may further elucidate the stability of ONP,
potential interfacial reactions, and phase transformations under
thermal exposure. These insights are crucial for optimizing ONP
type, ONP loading, and processing parameters to achieve higher
long-term performance in ODS steels.

4. Conclusions

This study demonstrates that the synthesis route and concentra-
tion of ZrO, nanoparticles significantly influence their distribu-
tion, microstructural integration, and strengthening mechanisms
in PBF-LB/M-processed Fe20Cr ODS steels. L-ONPs, character-
ized by a narrow size distribution (Do = 10 nm) and tetragonal
phase composition, showed more homogeneous initial dispersion
than chemically synthesized, polydisperse monoclinic ONPs
(Dgo = 1257 nm). However, at higher ONP loadings (1.0vol%),
L-ONPs exhibited coalescence and agglomeration, leading to an
increased IPD (734 +475nm) and reduced retention, as evi-
denced by XRF and ECCI.

The mechanical response depends on distinct microstructural
factors. Compression strength at 600°C correlated primarily
with GS, with C-0.1 achieving the highest flow stress
(252 +7 MPa) due to a refined GS (1+1pm) and moderate
IPD (5204 348 nm). In contrast, creep resistance correlated
more strongly with ONP loading, GS aspect ratio, and agglom-
eration tendencies rather than grain refinement alone.
Specifically, the lowest creep rate (5.0 x 1078s~" for L-1.0) cor-
responded to high ONP loading combined with elongated ONPs
and minimal agglomeration, promoting effective Orowan
pinning.

These results partially confirm the hypothesis that L-ONPs,
characterized by narrow size distributions and high uniformity,
can positively influence creep resistance. However, contrary to
initial expectations, the advantage of L-ONPs is not consistent
across all loadings. While L-1.0 exhibited superior creep perfor-
mance, the unexpectedly poor creep resistance of L-0.1 indicates
significant open questions regarding the impact of nanoparticle
distribution and agglomeration. Such agglomeration appears
to substantially reduce effective nanoparticle-based strengthen-
ing mechanisms, overshadowing potential advantages derived
from their initial uniformity. In contrast, C-ONPs showed
stable microstructural refinement and strengthening at lower
concentrations.

Overall, the interplay between nanoparticle type, size, and dis-
persion determines the dominant strengthening mechanism.
For shortterm performance, grain refinement—achieved
through small and well-distributed ONPs—is most effective.
In contrast, long-term creep resistance correlates with a higher
ONP loading and a homogeneous, finely dispersed distribution
with minimal agglomeration. These insights provide a founda-
tion for tailoring ONP synthesis and processing strategies to
application-specific mechanical demands in ODS alloys.
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