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I1. Abstract

The development of higperformance materials for highly efficient propulsion systems and modern
energy generation technologies, such as nuclear fusion technology, is becoming increasingly important
as fossile resources become scarcer. Matemic compdtes showin particular potential for these
applications, as they combine the processability characteristics of metals with titenhjgrature
properties of ceramic materials. One group of metahmic composites are the-called oxide
dispersion stregthened steels (ODS steels), which are characterized by the dispersion-stalado

oxide particles in a typically cmosionresistant steel matrix.

In this thesis, the fabrication of an oxide dispersion strengthened (ODS) steel, based on the commercial
alloy PM2000, developed by Plansee,3&investigated using the ladesised additive manufacturing
processes of Laser Powder Bed FusiofPBF), Laser Directed Energy DepositionDED), and a
High-Speed Laser Cladding §1LC). Different process and solidification environments are created by

the utilization of the respective additive manufacturing processes, allowing the evaluation of different
solidification conditions on the microstructure formation, size and distribution of the introduced oxide
nanoparticles as well as the influence on mechanical properties in ambient artdnipghature
atmospheres. One main objective will be the effective suppressamglomeration mechanism of oxide
nanoparticles during the molten phase, in order
However, the successful manufacturing of ODS materials by additive manufacturing technologies
requires the prodiuion of suitable powder composites, which will be performed by the conventionally
established methoof mechanical alloying (MAjaNnd the innovative lasdrased process methodology

of Laser Synthesis and Procesgsof Colloids (LSPC)LSPC offers the advantage of loading metallic
micrometersized powders with narscaled oxide particles via a ptdntrolled process without the
application of external mechanical forces, ensuring the retention of the spherical shape of-fas inert
atorrized metallic powder ptcles and thus improving the processability by additive manufacturing

processes.

Specimens fabricated by the various additive manufacturing technologies are subjected to extensive
microstructural characterizatisron different length scales. Light optical and scanning electron
microscopy are used to characterize the grain structure of the cosresistant steel matrix and the
distribution of nanescaled oxide particles. In addition, electron backscatter diffra(EBSD) and X

ray diffraction (XRD) investigations are used to examine the local and global texture properties of the
created microstructures. The chemical composition is determinedrhy Huorescence analysis (XRF)

as well as energy dispersiveray spectroscopy (EDX). On the nanometer scale, transmission electron
microscopy (TEM) as well as Atom Probe Tomography (ARiVestigations are used to study the
dislocation interactions with dispersed nanoparticles and to determine the nanoparticle compounds
formed during processing. In addition, mechanical characterizations are performed, which will focus on

the spatially resoked measurement of Vickers hardness and the determination of the compressive
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strength at room temperature and 600°C. The results of the mechanical characterization will be linked
to the microstructural properties to derive potential improvements for manufacturing of ODS materials

by additive manufacturing technologies.



I11. Abbrevations

Abbrevation Long name Abbrevation Long name
AAMA Adhesive Agent GARS GasAtomization
Mechanical Alloying Reaction $nthesis
AM Additive HAADF High-angle Annular
Manufacturing Dark Feld
APT Atom Probe HAGB High-angle Grain
Tomography Boundary
ASTM American Society for | HE Hot Extrusion
Testing and Materials
BD Build Direction HIP Hot Isostatic Pressing
BFSTEM Bright Field Scanning | HSLC High-speed Laser
Transmission Electron Cladding
Microscopy
BPP Beam Parameter HRTEM High Resolution
Product Transmission Electron
Microscopy
BSE Backscattered IEP Isoelectric Point
Electrons
CAD Computeraided IPF Inverse Pole Figure
Design
CLD Condensed Layer LACS Laser Assisted Cold
Deposition Spray Deposition
CMOS Complementary Mtal | LAGB Low-angle Grain
oxide-semiconductor Boundary
Cs Cold Spray Deposition L-DED Laser Directed Energy
Deposition
CT Computer Tomogaphy LOM Light Optical
Microscopy
DD Diffusion Deposition | L-PBF Laser Powder Bed
Fusion
DLS Dynamic Light LSPC Laser Synthesis and
Scattering Processing of Colloidg
DPA Displacement Per MA Mechanical Alloying
Atom
EBSD Electron backscatter | MMC Metal Matrix
diffraction Composite
EDS Energydispersive NA Numeric Aperture
X-ray $ectroscopy
ED Electrostatic NC Numerical Control
Deposition
EHLA (German) Extremes | NP Nanoparticles
Hochgeschwindigkeits
Laserauftragschweil3e
EPMA Electron Probe PBR Pilling-Bedworth
Microanalysis Ratio
EB-PBF ElectronBeam Powder PVD Physical Vapour
Bed Fusion Deposition
FBR Fluidized Bed Ractor | RAF ReducedActivation
Ferritic
FEM Finite Element RAFM Reduced Activation
Modelling Ferritic/Martensitic




RAM ResonanAcoustic TD Traverse Direction
Mixing
RFMS Radio Frequency USP Ultra Short Pulse
MagnetronSputtering
RPA RevolutionPowder UV-Vis Ultraviolet-Visible
Analyser Light Spectroscopy
SD Scanning Direction VED Volume Energy
Density
SE SecondarfElectrons | VIGA Vacuum Inert Gas
Atomization
SEM Scanning Electron WAAM Wire Arc Additive
Microscopy Manufacturing
SPS Spark Plasma Sinterinl XRD X-ray Diffraction
Analysis
STARS Surface Treatment of | XRF X-ray Fluorescence
Gas Atomized Bwder Analysis
& Reactive Synthesis
TEM Transmissiorklectron | YSZ Yttrium-stabilized

microscopy

Zirconia




1. Table of contens

sz

| Forewordééééééeéeéeceéeéeéceecéeeéeeeeeeeeeceeereecee.

s 7z 7z Z £ z £ £ z £ £ z £ 7z £ £ 7z z £ 7z £ 7z 7 £ Z

IlAbstracE é € é € . €6 ééééééééeéeéeéeceécéeecéeeéeececé

D
D
N

s 7z 7z 7 z

Il Abbrevatiors¢ é € é é é .

sz

IV Table of contert é & é é é

[0
o
o}
o
[0
[0
[0
[0
o
o
o
o
[0
o
[0}

[0
[0
[0
o
[0
[0
[0
o
o
o
o
(o))

[0
[0
o
o
[¢)
D
D
D
[0}
D
D
[0
[0
[¢)
o
o
[0
oo

é

D
o
o
[0
[0
[0
o
[0

1 Scope of the thedisé é é ..é

s 7z £ 9z £ Z

2Introductiore é € 6 é¢é .6 éeéeéeééécéecéeéeéeeéeece ... éééeélo

D
D
o
o
o
()]

D
o
D
[EY
w

3 Oxide-dispersiorstrengthened (ODS) alloyState of the ayé é € é é

s 7z =z

3.1 Mechanical propertiesof ODS alloye ¢ € € é € € € € é é é é

o
8
@
@
@
o
[EY
w

7 sz

3.2 Irradiation properties of ODS allagsé € é é € é é € é

D
D
D
o8
o8
o8
(0]
o}
[0}
o}
&

o}
o}
D
D
D
[0
D
o}
o}
o}
H
o

3.3 Oxide compound compositions in ODS al®ys. é é é é

s s

3.3.1 Yttriumbasedoxides é é € ¢ é € é € é é é .

oy
o
o
[}
()

D
o}
D
D
o
H
(o]

D
[}
D
(¢}
D
(¢}
_('D\
D
(¢}
D
=
[o0]

3.3.2 Alternative oxide compounds in ODS alléys é .é

3.4 Matrix materialsinODS allogsé ¢ ¢ é ¢ é € é e éééééé.eééeéeéé.20

341 Steelbased ODS allogsé ¢ 6 ¢ é € éeééeéééeéé .éeéeéé. 20.

o
D
o}
o8
o8
D
D
N
H

3.4.2Nickel-based ODS allojsé ¢ € € € € 6 € é € é € é .

s 7z z sz

ceeéeéééée .2

D
D
N
(0]
(0]
D

3.4.3 Intermetallic ODSlal oy s é é é

N
N
D
&
N
N
N
(9]

D

4 Additive mandiacturing of ODS allogy ( St at e of the art) é

4.1 Manufacturing of ODS powdepmposits for Additive Manuécturirg é € é . é é €25 .
4.1.1 Solidstate based manufacturinfommposite powder materigls. € é é é &6
4.1.2 Liquidbased manufacturing oomposite powder materigélse € . é é é é27.
4.1.3 Gashased manufacturing obmposite powder materiglst é é . . é é é 89,

4.2 Consolidation of composite ODS powslera Additive Manufacutring é é é é . é 82
4.2.1 Powder bethased AdditiveManufacturing of ODS alloys é é é é é é é 37
4.2.2 Directed energy depositi processing of ODS allogsé € é é é é € . . é48
4.2.3 AthermalAdditive Manufacturingynthesis 0ODS alloyg é é ¢ é é . . é7

4.3 Additive Manufacturing of ODS alloys usingtérnal oxidation approaches é é é .49
4.3.1 Formation of nanecaled oxides by interon with gaseous atmospheges 50.
4.3.2 Formation of nanecaled oxides by introduoh of solid oxidation gentg . 53.

5 Manufacturing bpowder composite§s Ex per i ment al section) éééxeécéeéeéé

5.1 Characterization of educt micromesezedFe20Cr4.5A10.5Ti (wt.%¥tainless

steelpowdermateridlé ¢ € ¢ 6 ¢ 6 66 éééééeééeéééééeéeéeééé 53

-

sz

5.2 Characterization of educt nanometzed Y,Os powder materiadl é € é € é é 55

-
-

6



,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
,,,,,,,,,,,,
,,,,,,,,,,,,,,,,,,,,
,,,,,,,,,,,,
,,,,,,,,,,,,,,,,,,,,,,
,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,

6.2 Additive Manufacturing of raw Fe20Cr4.5A10.5Wit.%) steel powder mater&@lé é é 72
6.2.1 L-DED of raw Fe20Cr4.5Al0.5Ti (wt.%) ainless steel powder mateéaé é 72
6.2.2 L-PBFof raw Fe20Cr4.5Al0.5Ti (wt.%) ainless steel powder mategaé é .74

6.3 Additive Manufacturing obxide dispersiorstrengthened stainless atpowder

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

6.3.1 L-DED of oxide dispersion strengthenedistess steghowder material é é 78

6.3.2L-DED of oxide dispersion strengthened stainless steel powder material

,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,

6.3.4L-PBF of oxide dispersion strengthened stainless steedgr materiad € é .95
7 Mechanical characterization of the adaity manufactured materi@Experimental sectiog) € .108
7.1Vickers microhardnegsé é 6 é 6 6 6 ¢ ééééééééééééeééeéé. 1l

////////////////////////////////

,,,,,,,,,,,,,,,,,,,,,,,,,,

192



1 Scope of the thesis

The objective of this thesis is to systematically explore the-tzesd additive manufacturing route for
manufacturing of ODS alloysBased on an extensive literature research, which is shown in the
introduction section (Chapter4) amaterial system based on the conventi@malavailable PM2000

alloy by Plansee SE, composed of a stainless ferritic steel with the the chemical composition of
Fe20Cr4.5A10.5Ti (wt.%) and the reinforcement phase of yttrium(lll) oxid©4{)Yis selected as an
exemplary matéal to study thedifferent processcharacteristicof the laser additive manufacturing
processes of lasdased powder bed fusion-@BF) andthe laser directed energy deposition process
(L-DED) as well aghe highspeed directed energy deposition process of-tigted laser cladding
(HSLC)on the microstructure formatioRrior to additive manufacturingrocessing with the respective

AM processesuitable composite powder materials, composed of the metallic and ceramic component
are synthesizedising the widely established sckthte based of Mechanical AlloyirfiylA) and the
advanced liquibased manufacturing process of Laser Synthesis and Processing of Colloids (LSPC),
including an electrostatic deposition (ED) proogdsapter 5)which is expected to allow the production

of spherical powder composites with homogeneous oxide nanoparticle dispersion on the surface of the
metallic powder particles, resulting in equally improved printability and homogeneous nanopatrticle
dispersion irprinted partsAfter printing of the MA and LSPGgenerated powder materials (@her

6) extensive microstructural characterizations inclugjrajn structure and textuenalysisas well as

the determinationad x i de nanoparticl esd ispedoemed (Chagtgy € arsli o n

compared with nomeinforced stainless steel material.
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The process parametakthe respective AM processaredevelopedowardsminimizedincidents of

defect formation (e.qg., porosity or crack formatiomprinted partas well adhhomogeneousanopatrticle

di spersion and s md&d50ren}, as itis axpecteddorrdasult o bptirsizied nsechanécal
properties.The mechanical characterizatiohf printed specimeriChapter 7), including compression
testing in room and high temperature environments (6Q0%}orrelatel to the microstructures
produced with the respective AM procesdasChapter 8 the developed methodology of introducing
oxide nanoparticles in additively manufactured material is demonstrated for the two alternative material
systems of & TiAl-based turbine blade materialdaa high strength copper material, based on the Cu

Cr-Nb alloy system.
The thesis aims to answer the following lead questions:

1 Can a homogeneous dispersion of raaaled oxide particles (:Q00 nm) in a metallic
matrix be achievetly laser additive manufacturing technologiesl which processonditions

allow the formation of the finest nanoparticle structures?

2) How does the introduction @ixide nanoparticles affect the solidification microstructaféhe
ferritic stainless steel regarding grain size and defect formation?

3) How dothe mechanical properties of t&S steed producedoy LAM correlate with the
microstructure and the selectednufacturingprocessand its solidificatiorconditions?

4) Is the elaborated additive manufacturing route of an edigigersion strengthened stainless

steel transferable to other metallic alkystem8



2 Introduction

Contains content from the followirmublication:

Additive manufacturing of oxide-dispersion strengthened alloys: Materials, synthesis
and manufacturing

M. B. Wilms, S.-K. Rittinghaus, M. GoBling, B. Gokce”

Chair of Material Science and Additive Manufacturing, School of Mechanical Engineering and Safety Engineering,
University of Wuppertal, GauBstr. 20, 42119 Wuppertal, Germany

Article Information Abstract

Article history: Oxide dispersion strengthened (ODS) alloys are characterized by nanoscale oxide
Received 27 March 2022 particles homogeneously dispersed in a metallic matrix. They have been developed driven
Accepted 14 November 2022 by technological applications such as gas turbines that require increased material strength

and creep properties at elevated temperatures, as well as increased resistance to high-
energy neutron atmospheres as needed in modern nuclear reactors. Additive
manufacturing (AM) offers the possibility to sustainably shorten the conventional sinter-
based process chain of ODS materials and is additionally capable of the direct production
of complex components. This work aims to critically review the current state of additive
manufacturing of ODS alloys, which is mainly based on singular studies and the deduction
of influence factors. Challenges in production are emphasized such as the production of
suitable powder materials and consolidation techniques including in-situ manufacturing
techniques. A main emphasis of this review are process-related influences on the final
ODS material and its microstructural features as well as mechanical performance.
Different classes of ODS alloys are presented and discussed along with their fields of use.
Current drawbacks of ODS alloys are highlighted, enabling a focused development
required for the widespread application of this class of materials.

Available online 26 November 2022

DOI: 10.1016/j.pmatsci.2022.101049
Progress in Material Science

*Corresponding author
bilal.goekce@uni-wuppertal.de

Own contribution: Concepalization, literature researghwriting and editing of the original draft and

revised manuscript.

In 2021, the European Commission reveals the Green Deal program, which aims at a drastic reduction
of emissions up to full carbon neutrality in 2050. [1] In order to achieve these aims the efficiency of
combustion engines for energy generation (Zigb) and turbomachinery applications (F2g,d) have

to be increased either by higher operating temperatures of combustion engines [2, 3] or the utilization
of alternative fuels, such as hydrogen. Hydrogen combusts with higher flame speed and temperatures
thannatural gas [4, 5] resulting in higher maximum temperatures and pressures in combustion chambers
[6] and thus demands creegsistant higitemperature materials for these components. [7] Oxide
dispersion strengthened (ODS) alloys are a potential candlidaités particular application, due to their
homogeneous dispersion of oxide nanoparticles in a metallic matrix alloy, typically enhancing
mechanical properties over a large temperature range by impeding dislocation motion through the
mechanisms of HalPetch or Orowan, respectively. [8, 9, 10, 11] Moreover, ODS alloys are known to
withstand the extreme conditions in nuclear power plants and therefore are considered as high
performance materials for safe and sustainable use in the field of nuclear Wisitn, due to recent

advances [12], may replace nuclear power plants in the future.
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Fig. 2: Additive manufacturing of ODS materials. Application of ODS materials for energy indastmyclear fusion (an a Tokamaktype
reactor (b) and turbomachinery applications: Space aircraft (c) and turbofan engines (d). Manufacturing and charastéaifatoipowder
feedstocks for productionf @DS materials by AM processes) Composite powders with optimized rheological properties. f) Schematic
depiction of micrescaled metallic particles homogeneously decorated with-sealed oxide namarticles. Reprinted with permission from
[13]. g) Crosssection SEM analysis of a gatomization reaction synthesis (GARS) manufactured powder particle for AM production of ODS
materials. Reprinted with permission from [14]. h) Depiction of process péeamevelopment. Reprinted with permission from [15]. i)
Process observation during AM. j) FEM modelling of the thermal profile of tRBE process of an ODS steel. Reprinted with permission
from [13]. k) Microstructural characterization by computer tgnaphy (CT) for the detection of pores in AM manufactured ODS steel.
Reprinted with permission from [16]. I) Inverse pole figures from electron backscatter diffraction examination of AM raeetifabiS steels

(). Reprinted with permission from [13]. m)olume reconstructions from atom probe tomography (APT) measurements of ODS steels (m).
Reprinted with permission from [17]. n) Schematic illustration of a hot compression test setup. Reprinted with permisdib@). fim)
Compressive strengtbtrain curve. Reprinted with permission from [16]. p) Photograph of irradiated andrreafiated 316L material

showing swelling behavior. Reprinted with permission from [18].
However, the conventional manufacturing route of oxdpersion strengthened parts via powder
metallurgy involves multiple process steps, including composite powder manufacturing via mechanical
alloying processes, consolidation via different sinteringht@&ues, subsequent heat treatment
procedures and final subtractive shaping. Povidesed Additive Manufacturing (AM) is a promising
prospective production route for ODS materials, since it allows thenet¢ahaped consolidation
directly from tailored pwder materials (Fig.2e-g) and thus a significant shortening of the
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manufacturing route of ODS alloys. Despite AM being an established technique for manufacturing
metallic components from various alloys, regularly used alloys were initially developed for conventional
manufacturing processes (e.g., casting). Thus, theyatreptimized for the characteristic process
environments in additive manufacturing processes and therefore cannot fully exploit the potential of this
manufacturing technique. [19] The development of adapted alloys for additive manufacturing processes,
in general, is complex and requires a careful selection of process parametergh)Figrocess
observation (Fig2i), accurate modelling of the complex temperature profiles [20] and solidification
conditions (Fig2j) [21], and flow conditions of the melt pool [22, 23]. Based on these models, adapted
alloy concepts with superior performance of additively manufactured conventional alloys can be
developed. [24, 25, 26, 27, 28, 29, 30, 31, 32, 33] However, the pradatsaperior materials by AM
processes ditionally requires extensive microstructural (R2ga-k) and mechnical characterizations

(Fig. 2n-p) to guide the process development toward optimized material properties. In addition to the
holistic development of new alloy concepts, the modification of established alloy systems by integrating
nanascaled exogenous particles (e.g., oxides) offerptssibility of adapting conventional alloys for
additive manufacturing processes. [34] Nanopatrticles can conduct manifold functions and therefore
offer thepotential to challenge several materiallated problems in additive manufacturing processes.
They can be used to manipulate the powder materials absorption for specific energy sources, e.g., laser
beams [35, 36, 37], and improve flowability properties,[38, 39]. During the melting stage,
nanoparticles can change the melt pool dimensions, flow characteristics [40] and keyhole formation
[41]. Additionally, nanoparticular entities can modify solidification conditions, i.e., by acting as active
nucleation ges promoting heterogeneous nucleation and suppressing the formation of defects in crack
sensitive materials, like higktrength aluminum [42, 43, 44], titanium alloys [45], nickeked alloys

[46] and refractory materials [47].

AM technologies are being apted in more and more industries, specifically in aerospace [48, 49, 50,
51], automotive [48, 51], energy [51] and biomedical branches [48, 49, 50], and are applied to produce
an increasing number of highly complex and customized products. The incrggdiogtepn of AM in
industrial applications is accompanied by intensive research activities in this particular research area,
which is reflected in the constant growth of scientific publications. [52, 53, 54] In particular, most
publications are in the rearch field of material science, which demonstrates the demand for new
material concepts tailored to additive manufacturing. [55, 56, 57, 58] This allows concluding that not
only AM can be used to improve the processing of existing ODS materials, butsany©DS can

help to exploit the potential of additive manufacturing. The unification of these two research fields is
thus a significant step in materials development, as demonstrated by the research activities of the last
years. However, the successfaibrication of ODS materials via additive manufacturing techniques is
challenging. It requires a careful selection of powder manufacturing techniques, suited process design,

and subsequent correlation of microstructural features with resulting mechaopstties.
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3 Oxide-dispersion strengthened (ODS) alloys

Oxide-dispersion strengthened (ODS) alloys represent a particular class of metal matrix composites
(MMC) and have been developed in the previous century, driven by several technological applications,
such as gas turbines [59] requiring enhanced materahgth and creep properties at elevated
temperatures [60] as well as increased resistance towardsregyy neutron flux found in modern
nuclear reactors. [61, 62, 63, 64, 65] Oxdispersion strengthened alloys are characterized by nano
scaled oxide péicles homogeneously dispersed in a metallic matrix resulting in exceptional mechanical
properties in highiemperature environments [66, 67, 68, 69] and pronounced resistance towards high

energy neutron irradiation [70].

3.1 Mechanical properties of ODS alloys

The mechanical properties of ODS alloys are governed by the mechanism of solid solution hardening,
which is mainly determined by the chemical composition of the matrix alloy, and by dispersion
hardening caused by the dispersion of oxide nanoparticleg imaltrix alloy [71], particularly in the
vicinity of grain boundaries. [72] Dispersion hardening in ODS alloys is attributed to the Orowan
mechanism, which describes the bypassing mechanism afuttaible nanoparticles by the formation

of dislocation loop of an advancing dislocation line (F&8). [73] Thus, the effectiveness of hardening

by dispersoids mainly depend on the number density, size distribution and coherency [74, 75, 76] of
embedded nanoparticles within the surrounding metallic matrix. Coherent nanoparticles are preferable
by lowering the driving force for bypass mechanismsdisiocation climbing processef/7] The
strength contribution by the dispersed naartiples can be estimated ). [78]

8 . -0
, S _o3>3dF+—
n n

whereni s t he Poissonés ratio, M the Tayl orpthé actor,

average particle diameter, and L the average iatécte spacing according {@):

b -0 — 2

wheren, is the volume fraction of the narsized precipitates.

13



Dislocation loops around Dispersed ) S .
: R _ ) e A E 7
dispersed nanoparticles nanoparticles  Dislocation line Nai ﬂa;:t lc‘lcs"

/ Bk 7 - -

e a4
. K .
‘ \ DUl

ICRLMI

Fig. 3: a) Schematic depiction of the Orowan mechanism in edisigersion strengthened alloys displaying dispersed
nanoparticles during (green box) and after interaction witlislcation line (red box). b) TEM images of nanoparticle
interaction with nanecaled oxide particles in a A8Cr2W-0.5Ti-0.3Y203 (wt.%) ODS steel. Rerinted with permission
from [79]. c) High-magnification BFSTEM images of dislocations attached to nanoparticles in a 14YWT ODS gieateRe
with permission from [8D

Dispersed oxide nanoparticles located on grain boundaries additionally enable pinning of grain
boundaries (Fig. 2b,c) [81, 82] and effectively suppress equally dislocation creep and diffusional creep
assisted grain boundary sliding (GBS) mechanisms [883. [@tter is considered as the predominant
deformation mechanism of polycrystalline superalloys at low strain rates in high temperature
environments [84, 85] and thus is decisive for material degradation at high service temperatures over
long time periodsThe inhibition of GBS mechanisms by dispersed oxide nanoparticles becomes even
more important for finggrained microstructures, which are typically encountered in additively
manufactured materials, as diffusion creep rates and pronounced grain bouidizgyisiobserved,
compared to coarggrained materials. [86] Thereby, the stabilization of grain boundary structures in
high temperature environments over long time periods effectively inhibits recrystallization processes
[87, 88, 89, 90], which is alsmabled by extraordinary coarsening resistance at high temperatures [91,
92, 93, 94] probably by extremely low interfacial energy of the oxide nanopatrticle clusters [95] in
combination with low solubility of the oxide species in the metal matrix [96, Q¥{teir high melting
point [98]. Therefore, ODS alloys are characterized by increased strength in the room and high
temperature regimes compared to their-nginforced counterparts. [81, 99, 100, 101, 102, 103, 104]
and show exceptional creep resistard@®| 105, 106], which can be described by the R@siermodel
[107]. However, the integration of a higher volume fraction of nanoparticles (> 0.5 vol.%) is typically
14



associated with a deterioration of the ductility [74], resulting in brittle material behavior -aatalv

room temperatures. [108, 109]

3.2 Irradiation properties of ODS alloys

The homogeneous dispersion of nataled oxide particles in a metallic matrix allowsithprovement
of mechanical properties and it enhances the resistance of the alloy towaehéigin neutron
radiation, which is typically preséin nuclear power plants. [110, 111, 1TRe interfaces of embedded
nanoscaled oxides with the surrounding metallic matrix act as effective traps for radiratiared

crystal lattice defects, i.e., spallatiorduced point defects drallow their recombinatiaf113, 114,
115

-, .

Small He bubble:
T

130 160 140 1i0 100 80 60 40 20nm

Fig. 4: a) TEM image of a duabn irradiated (60 dpa) RAF steel showing cavities (indicated with red arrows) formed by
helium gas generated upadon irradiation. Repnted with permission from [119b) Volume reconstruction from APT
measurements of a He implanted 14YWT ODS steel after annealing fbrat0®0°C. Rejinted with permission from [120]

Additionally, the interface acts as a sink for elemental helium gas (Fig. 4a,b), formed by -neutron
capturing events induced transmutation reactions [116, 117, 118, 119, 120], effectively inhibiting
macroscopic degradation effects suchsaelling [121, 122]The sink strength of cavities can be
calculated accordingtZinkle et al.: (3) [11b

Y Oti0 p Yi b (3

where % is the cumulative sink strengthg Ehe cavity sink capture efficiency,cthe numbedensity,
rc the radius of the cdtves and by Sivak et al.: (4) [1R1

X @

wherel is the particle jump lengtléNdthe average number of partiglanps until the absorption by the
sink and d the dimensionality of motion. The high number density of pirdsentsn ODS materials
allow the microstructure to withstand high doses of t@ghrgy irradiation, @shown by Edmondson et
al. [123. Accordingly, for effective protection from higdnergy neutron radiation, ultrafine dispersion
of nanascaled oxide particles is required to form a éarmimber of interfaces. [80, 115, 123, 124
Further information of the impact of higinergy irradiation on ODS8lloys and nanoparticle behavior

can be found in reference. [125
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Fig. 4: a) Volume reconstruction from atom probe tomography (APT) measurements of a hot extruded 1¥AQ-(F2Ti-
0.3Y203, wt.%) alloy in unirradiated and irradiated state. 6prresponding histogram plots of the number density of
nanoparticles as a function of the particle radius iirawliated and irradiated state. Irradiation was performed at 700°C using
5 MeV Fé*ions up to a dose of 50 dpa. Rieped with permission from [132

3.3 Oxide compound compositions in ODS alloys

The properties of ODS alloys regarding mechanical and irradiation properties are primarily determined
by the selected oxide composition and phase and the compatibility of the oxide with theaitwstrix

The unique property combination of ODS alloys stems from mechanisms governed by the interface
between oxide and metallic matrix. The coherency between nanoparticles and the matrix alloy plays a
significant role in interacting with advancing disldoas, as pointed out in chapter 2.1. However, the
oxide nanoparticles also must show high thermodynamic stability and low solubility in the surrounding
matrix alloy, effectively suppressing coarsening mechanisms at high operating temperatures over long

time periods.

3.3.1 Yttrium-based oxides

Yttrium (111) oxide (Y20s) is the most commonly used and, therefore, thediadied oxide compound

in ODS alloys, because this compound is empirically found to be one of the most thermodynamically
stable oxidecompounds with an extremely low standard enthalpy of formatiod &b( =-1905.31

kJ mol* [126]) and low solubility in FeCr alloys (< 0.07 wt.% in a F25Cr wt.%alloy at room
temperature) [147 Therefore, ¥Os-based dispersoids in fimsed ODS alloys are considered resistant

to coarsening effects atgeratures of 12001300°C [128, 129, 130, 1B Despite the poor wettability

of Y,0s with metallic melts and a typically incoherent ifigee with metallic lattices [132nancescaled

Y205 dispersoids exhibit a strong orientation correlation with the matrix-i@rraloys[67] up to full

coherency. Coherency is rapidly lost upon lardjigpersoid sizes (> 20 nm [1]29e.g., as a result of
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agglomeration or coarsening. [94, 129, 1 BGe addition of other elements to thmatrix alloy, e.g.,
titanium [130, 131], zirconium [133, 134, 135], hafnium [136, 137], silicon [138], vanadium [139, 140],
and tantalum [133, 14@romote the formation of complex yttriubased oxides (¥X,-O,, X=Ti, Al,

Zr, Hf, Si, V, Ta) (Fig. 5&1) with lower standard formation enthalpy and different crystallographic
structures (Table 1). Other elements like carbon deteriorate the effectiveness of zirconium and hafnium
as nanoparticle refining agents by forming the respective carfit€sand HfC respectively). [141
Scandium substitutes yttrium to form-$cO structured oxides ititanium alloyed ODS steel [142
which is presumably attributed to the chemical similarity of yttrium and scandium, both belonging to
the same transition metal group. The addition of aluminum or titanium allows the formation ef cubic
structuredpartially [75] or fully [76, 143coherent XTiyO; (e.g., pyrochlorgype Y-Ti»O7) and YAl,O;,

(e.g, Y3Als012) nanoparticles, respectivelfCommercial ODS alloys typically contain significant

concentrations of titanium or aluminum.

Fig. 5: HRTEM images of different yttriurbased nanscaled oxide particles coherent with the surroundingshbeetured
Fe-Cr steel matrix, manufactured from mechanically alloyed and subsequentthaded material.-a) reprintedwith

permission from [1413 d) Repinted with permission from [144e-h) Repinted with permission from [145

Consequently, the refinement of theide particles by titaniurfil30, 131, 146], zirconium [133, 134,
135] and hafnium [13@ncreases both strength and resistance towarddnghgy neutron irradiation.
Despite its low standard formation enthalpy, aluminum has only a minor refining effect on the
nanoparticles, sthe strength gain is lower. [1}4lh the combined addition of oxidative elements, the
formation of the compound with the lower standard enthalpy of formation in eacts essgetically
preferred. [148, 149, 150, 1p1
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