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ABSTRACT

For decades, the pursuit of clean and sustainable electricity through nuclear fusion has
stood as an elusive grail Weacan touompawtnessy 6 s t e
this energy in our parent star, tlsun, but also feel it on our skin under its rays; yet

replicating this complex phenomenon on Earth has always remained far beyond our grasp

as a species. Today, experimental fusion devices s8cHTBR (nternational
Thermonuclear Experimental Readtatemonstratehat we are closer than ever to

achieve this revolutionary breakthrougfhis thesis shifts the focus beyond ITER

towards DEMOnstration Power Plant€DEMO), conceptual reactors designedprove

in the future the feasibility of continuously delivering clean and safe net electricity to the

grid.

Among the main challenges involved in developing DEMO fusion reactors, the materials
challenge is paramounthe subject matter of this work iset class of High Heat Flux

(HHF) materials required to manage extreme heat loads in these devices. To date, ITER

Grade CuCrZr (IGCuCrZr, 0.60.9 Cri 0.07-0.15 Zri Bal. Cu (wt.%)) is the baseline

heat sink alloy, chosen for its combination of high thérooaductivity and relatively

high mechanical strength, combined with good fracture toughness, availability, and
relatively low cost. Achieving the optimal precipitate microstructure in CuCrZr, however,
demands precise post prtaresecansquickly degrade ds el ev a
performance.

The challenge intensifies during assembly,
as welding, brazing or hot isostatic pressing (HIiRgvitably modify the optimised
precipitate microstructure, thereby weakeng t he al l oyds mechanic

performanceMoreover, future DEMO reactors (and especially commercial fusion plants)
will demand superior creep resistance, enhanced mechanical performance and robust
behaviour under neutron irradiation. Undezthe condi t i ®nosexpected CuCr Z

to perform adequatelyrir adi ati on i nduced embrittl ement
l ong term cr eep comprqnuides ite suimilitysarjousfreinforcement
strategies such as tungsten fibresarpai c | e s , and oxide dispersi

variants, are currently under investigation; however, this thesis taklektive
Manufacturing (AM) as aoute by optimising advanced manufacturing processes with
significant potential.

Over the last decadAM has established itself as an emerging manufacturing technology
with great potentiah metallic materialsAM enables thenanufacturef netshape parts

with highly intricate internal cooling structuresnd has a great potential for reducing the
number of joining processes that would otherwise degrade critical microstructures for the
performance of the materidlhis is particularly relevant in nlear fusion applications,
where components not only present complex geometries but also require strict
minimisation of welds and joints, especially those involving filler material. In this
context, AM is not just advantageous: it may in fact be the oalyl@ifabrication route

for certain components. The approach taken in this thesis is to go beyond the geometric
and manufacturing advantages of AM and explore its potential to enhance material
properties. Rather than solely addressing design and assemaligngbs, AM is here
considered as a powerful tool to engineer improved microstructures directly during
fabrication. In doing so, this work demonstrates that AM can de@ealloys with
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superior mechanical and functional performance compared to thodecpbthrough
conventional processing routes.

In this thesis, the Powder Bed Fusion (PBF) AM technology has been employed,
specifically the electrolbeambased PBF (PBEB). Although this technique is less
widespread than its lasbased (PBH.B) counterpds, it is proposed here as the most
suitable approach for processing-Based alloys for fusion applications, due to the
limitations observed in PBEB. Issues such as excessive reflectivity, poor densification,
and cracking have been consistently rembite laserbased fabrication of Ghased
materials. While neaiull densification has indeed been achieved in recent studies, it has
required highly optimised processing conditions and considerable effort in process
development. In contrast, this work adates for the use of the electron beaased
approach as a more appropriate route for processingaS€ed materials, particularly
when high thermal conductivity, structural integrity, and microstructural control are
simultaneously required.

In addition, tle use of PBFEB offers several further advantages over Hsesed
techniques, particularly relevant for the material under investigation in this work. First,
the highly vacuum environment required by an electron beam system is especially
beneficial when mcessing powders with high oxygen affinity, such as copper. This
reduces oxidation during fabrication and, consequently, minimises the formation of
oxide-induced porosity. A second key advantage relates to the dominant strengthening
mechanism in CuCrZr:rpcipitation strengthening. The intrinsic preheating applied in
PBFEB (via both electron beam pseanning and sustained heating of the build
platform) promotes am-situ ageing process during fabrication. This results in the direct
formation of a precipation-hardened microstructure in thelasilt condition, without the

need for subsequent pgatocessing ageing treatments.

Therefore, this thesis constitutes a materials science investigation into the feasibility of

the PBFEB process for fabricating KGuCrZr heat sink material for nuclefrsion

applications. To this end, key process parameters were systematically optimised to push
final densification towards 100 %. An exter
required to achieve this goal. Thesuéis obtained demonstrate that, while redr

densification and excellent microstructural quality can be reached, the process remains

highly sensitive to parameter tuning and strongly dependent on the characteristics of the
powder feedstock. This undews the importance of tailoring both the powder
morphology and the processing strategy to ensure consistent and reproducible results.

During the optimisation campaign, it was demonstrated that employing relatively low and
constant electron beam scannipgeadgon the order of a few hundream/s)led to the

best densification results. Interestingly, this is not typical in standardBBBBuilds,

where scan speeds often vary across different regions of the part. The optimised parameter
set achieved in thistudy falls within what can be described as a slightly overmelted
regime, based on the spherical microporosity observed in the fabricated specimens and in
comparison with previous reports in the literature. This parameter set promoted a
consistent overlappg of melt pools and remelting of previously deposited layers
throughout the entire height of the specimens. As a result, the resulting microstructure
was strongly influenced by these repeated thermal cycles, which played a key role in
shaping grain morglogy and precipitation behaviour.

Residual porosity is an inherent feature of AM and, as such, must be a central focus during
process optimisation. It effectively becomes a screening criterion when assessing
fabrication strategies. In this work, it hiasen demonstrated that the spherical and non
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interconnected microporosity (and absent at the specimen surface) can be effectively
remo\ed through HIP, resulting imaverageelative density level of 99.5%. While this

is a very good value, it still indites some room for further improvemeAs expected,

the remaining porosity has a measurable impact on thermal conductivity. However,
experimental measurements conducted in this work fall within the typical variability

range reported in the literature fa8-Cu Cr Zr namely between 320
These measurements were performed up to 40
stability of the material within the operating range relevant to fusion applications. This
confirms that the material, even in tarrent state of development, meets the thermal
performance requirements for its intended application as a HHF material in nuclear fusion
reactors.

Additive processes like PBF inherently generate extreme thermal gradients and very rapid
solidification rats , producing non equil i br i span hier a
several orders of magnitude in scale and demand exhaustive multiscale characterisation.

While this is a general feature of PBF technologies, it becomes patrticularly relevant in
PBFEB dueto the sustained preheating applied during processing and the formation of
nanoscale precipitates directly in thebaslt materiall n t hi s wordsgcalemacr o é
featureswer e fir st examined by @&migsioncSeahningni cr os c¢
Electron Microscopy (FESEM) combinedwittEner gy Di spersive X ray
(EDS) then provided detailed insights intoiamoscale characteristics including the

distribution and chemistry ofrecipitates. At the finest scaleScanning/Transmission

Electron Microscopy(S/TEM) resolved nanoscale features such as precipitates and

di sl ocation net wor Kmally HectroreBhckstatterediffrackoB F E B .
(EBSD) was used to assess the crystallographic texture inducddbbgation, and

orientation data were peptocessed using thgishopHill frameworkto compute the

ma t e rmaykrlfagtsr

This level of detailed characterisation is essential to understand the underlying
mechanisms and dynamics that govern microsiractormation during fabrication. In

this sense, the present work goes beyond validating the properties of the material
obtained: it highlights how both processi ng
as active tools to tailor microstructures on dech#or specific functional and mechanical
requirements. AM is inherently anisotropic due to its layefayer nature. Rather than
being seen as a limitation, this anisotropy offers significant potential for designing
processing strategies that promoteftirenation of substructures not typically accessible

via conventional manufacturing methods. This opens the door to a new paradigm in which
material properties can be engineered during fabrication through deliberate control of
thermal histories and solidtation paths.

The microstructural results obtained in this work provide compelling examples of tailored
features achieved through process design. Elongated grains aligned along the build
direction (BD) were observed, as expected in PBF processes. Ingyesthe
combination of scan strategy and process parameters used in this study resulted in the
development of corrugated grain boundaries, a microstructural feature with proven
potential to enhance creep resistance by suppressing grain boundary 3lkdsds
particularly relevant for HHF components. At a finer scale, subgrains developed a
cellularlike arrangement, with dislocatiench cell walls. Such features have previously
been linked to increased mechanical strength without compromising gugtibividing

an intrinsic microstructural advantage.

Regarding precipitation, the -asiilt material already exhibited a refined distribution of
strengthening precipitates (commonly known@snier-Preston zongs comparable in
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size and density to thosepated in conventionally processed-GaiCrZr. The average
precipitate size was measuredlst . 5 n m; however, a SsSubstant.i
precipitatesinthe2@ 5 nm range was also identified. Tl
to promote dislocabin looping via théOrowan mechanispwhich has been proposed as

a promising strategy to mitigate irradiatiomduced embrittlement. Therefore, this

represents another tailored microstructural feature, specifically relevant for fusion
environments. Finallythe presence of coarser precipitates located at grain and subgrain
boundaries was also confirmed. Such a distribution plays a key role in enhancing creep
resistance by reducing grain boundary sliding during prolonged thermal exposure,
providing yet anothreexample of procesdriven tailoring for targeted performance.

The crystallographic texture developed was also characterised and the results revealed a
fibre-type texture with <110> orientations preferentially aligned along BD, consistent

with the epitaxal growth typically observed under steep thermal gradients. No cylindrical
symmetry around BD was detected, confirming the presence of an inclined fibre texture.

Pole figure analysis further enabled the identification and quantification of specific
componats within this fibre texture. Their evolution was monitored through-post
processing thermal treatments of varying durations. The results showed that the dominant
<110> || BD texture progressively transitioc
components emerging depending on the thermal exposure. This transition has significant
implications for the mechanical behaviour of the material.

To assess such implicatiomsnovel methodology was developed in this thesis combining
conventional texture anais (such as pole figure and data orientation analysis) with
Taylor factorcomputation based on tBeshopHill framework as previously introduced.

While grounded in established mathematical theories and models, its application to
| G CuCr Zr produced by PBF EB represents an
approach for quantifying crystallographic texture effects in additively manufactured
materals. The results confirmed an initially anisotropic response, with Migilor

factors along BD averaging 3.34, compared ttee 3.05 value obtainedalong the
transverse direction. Notably, this transverse direction was aligned with the loading axis
in the tensile tests. However, thermal treatmeintparticularly longterm (2 months)

e X posur ei momot& a Bonv&rgence of thaylor factorvalues along BD and

the transverse direction, both stabilising arol®i7. This trend towards mechanical
isotrapy is highly desirable for structural reliability in fusion components. Beyond its
direct relevance to the alloy and process studied, this methodology can be extended to
other materials and manufacturing routes, offering a powerful tool for designing and
tailoring anisotropy in advanced structural materials.

Mechanical performance was evaluated through standard uniaxial tensile tests,
mini aturised Charpy V notch i mpact tests f
measurements across different annealingditmns. These techniques are routinely

employed for the qualification of structural materials and are therefore essential for
assessing their suitability in demanding environments. Altogether, they peodidar

and quantitative understanding of howdin v i d u a | PBF EB parameters
absorption, mi crostructur al evolution and
heat sink materi al

The mechanical response obtained in this work was found to be comparable to, and in
some cases even superior t@lues reported in the literature for conventionally
manufactured | G CuCrZr. These results suppc
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AM match the performance of traditional processing routes, but it also holds potential to
enhance it. A comparisasith recent studies on PBIEB highlights a key distinction: in
PBFLB, the asbuilt microstructure tends to be a supersaturated solid solution due to the
absence of powder preheating, resulting in poor mechanical performance unless a direct
agehardening DAH) treatment is subsequently applied. Although such-pastessing

does lead to improved strength values (sometimes even exceeding those reported in this
work) it reinforces the need for a dedicated ageing step inlEBHNn contrast, the
preheatingsat egy | nher ent intiwprdiBitatiorEdBringabriaatidn,e s
producing a strengthened microstructure directly in tHeuds condition.

Hardness measurements revealed values consistently above the minimum recommended
for |1 G CuCr 4rITER applipatiome(126 IHV), as well as above the typical
range reported in the literature for conventionally processed material 4028V). After

HIP treatment, values between 157 and 174 HV were obtained across the various
conditions evaluated. Thedigh hardness values provide indirect evidence of the well
developed precipitation microstructure present in the material, although it is important to
note that hardness is not governed exclusively by precipitation. Nevertheless, its
sensitivity to micratructural features and the simplicity of the test makes hardness a
valuable screening tool for rapid assessment of fabrication and heat treatment quality. In
terms of toughness, miniaturised Charpy impact tests confirmed a good energy absorption
capacityacross all specimens. However, when compared to the upper range of values
reported in the literature, the results suggest some room for improvement, likely linked
to the residuaD0.5% microporosity observed in the samples.

Beyond the core findings, thisonk also confirms and substantiates several relevant
aspects regarding composition and processing that are critical for future developments.
First, it has been demonstrated that a slight increase in Cr content beyond the upper limit
defined for IGCuCrZr does not lead to undesirable precipitate coarsening, suggesting a
potential margin for mechanical performance enhancement without compromising
thermal stability. Second, Zr has been found to have a particularly strong influence on
mechanical strength. Bas®n the observed trends, this thesis advocates for a refined
definition of allowable alloying element content (particularly Zr) within the current
specification, to better align compositional choices with target performance requirements.
Finally, the impetance of minimising oxygen contamination throughout the entire
fabrication chain was clearly confirmed. Although difficult to control, even modest
increases in oxygen content were shown to impact densification and microstructural
integrity, reaffirming tle need for stringent powder handling and atmosphere control
practices in AM of Ctbased alloys.

These results establish a solid foundati on
nuclear fusion systems and point towards future pathwaysefé@rmance enhancement
through alloy and process design.
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RESUMEN

Durante décadas, la busqueda de una fuente de electricidad limpia y sostenible a través
de la fusion nuclear ha sido un objetivo esquivo en el camino tecnologico de la
humanidadSentimos esta energia de nuestra estrella madre directamente en nuestra piel,
bajo sus raygssin embargo, replicar este complejo fendbmeno en la Tierra siempre ha
estado fuera de nuestro alcance como especie. Hoy en dia, dispositivos experimentales
como ITER (Reactor Experimental Termonuclear Internacional) demuestran que estamos
mas cerca que nunca de lograr este avance revolucionario. Esta tesis dirige el foco mas
alld de ITER, hacia las futuras plantas de demostracién (DEMO), reactores conceptuales
disefiados para probar la viabilidad de suministrar de forma continua electliizipied

y segura a la red.

Entre los principales desafios para el desarrollo de reactores de fusion tipo DEMO, el reto
relacionado con los materiales es fundamental. El tema central de estedeatepdra

en losmateriales sometidos a flujos térmicogmgos (High Heat Flux, HHF), necesarios
para gestionar las elevadas cargas térmicas en estos dispositivos. Hasta la fecha, el
CuCrZr grado ITER (I&uCrZr, 0.60.9 Cri 0.070.15 Zri resto Cu en %p) se
considera la aleacion base para disipadores térnsiglescionada por su combinacién de

alta conductividad térmica y resistencia mecéanica relativamente elevada, junto con una
buena tenacidad a fractura, disponibilidad y bajo coste. Sin embargo, lograr la
microestructura éptima de precipitados en CuCrZr isgqutratamientosde post
procesido muy precisos, y las altas temperaturas pueden degradar rapidamente su
rendimiento.

Este reto se intensifica durante el ensamblaje, ya que los métodos de union a alta
temperatura como la soldadura, el brazing o el prensabtatico en caliente (HIP)
modifican inevitablemente la microestructura optimizada, debilitando asi el rendimiento
mecanico y funcional de la aleacion. Ademas, los futuros reactores DEMO (y
especialmente las plantas comerciales) exigiran una reséstdooeepsuperior, mejor
comportamiento mecénico y robustez frente a la irradiacion neutrénica. En estas
condiciones, no se espera que@BCrZr rinda adecuadamente: la fragilizacion inducida
por irradiaci-n por debaj alerdsesten2id@reepaC, j unt
largo plazo, comprometen adn mas su idoneidad. Si bien se estan investigando estrategias
de refuerzo como fibras o particulas de tungsteno y variantes reforzadas por dispersion
de oxidos (ODS), esta tesis adopta la FabricacidgtivadAdditive Manufacturing, AM)

como via alternativa mediante la optimizacion de procesos avanzados con alto potencial.

Durante la ultima décadk AM se ha consolidado como una tecnologia emergente con
gran potencial en la fabricacion de materiales metéalicos. Permite la produccion de piezas
con geometriaginales e intrincadas estructuras internas de refrigeracion, y tiene un
enorme potencial paradecir el nUmero de uniones que, de otro modo, degradarian
microestructuras criticas. Esto resulta particularmente relevante en aplicaciones de fusién
nuclear, donde los componentes no solo presentan geometrias complejas, sino que
ademas requieren una estai minimizacion de uniones, especialmente aquellas con
material de aporte. En este contexto, AM no solo es ventajosa, sino que podria ser la Unica
via viable de fabricacién para ciertos componentes. El enfoque de esta tesis va mas alla
de las ventajas gawetricas y de fabricacion, explorando el potencialadAM para
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mejorar directamente las propiedades del material. En lugar de limitarse a abordar los
desafios de disefio y ensamblaje, aqui se consad&kdcomo una herramienta poderosa
para disefiar mioestructuras mejoradas directamente durante la fabricacion. Asi, se
demuestra qu& AM puede producir aleaciones de Cu con propiedades mecanicas y
funcionales superiores a las obtenidas por rutas convencionales.

En esta tesis se emplea la tecnologia depdkfusion en lecho de polvo (Powder Bed
Fusion, PBF), concretamente la variante basada en haz de electronéB)PBEnque

esta técnica es menos comun que su contraparte laset. B)B$e propone aqui como

la mas adecuada para procesar aleacionesbbeeen aplicaciones de fusion, dadas las
limitaciones observadas en PBB. Problemas como alta reflectividad, baja
densificacion y agrietamiento son frecuentes en la fabricacion laser de materiales base
Cu. Aunque en estudios recientes se ha alcanzadalensificacion casi completa, ha

sido necesario un desarrollo de proceso muy optimizado. En cambio, este trabajo aboga
por el uso de PBEB como una ruta mas adecuada, especialmente cuando se requiere
alta conductividad térmica, integridad estructurebgitrol microestructural.

Ademas, el uso de PBEB presenta ventajas adicionales especialmente relevantes para
el material estudiado. Primeras condiciones de alto vacfie requiere el sistema de

haz de electrones es beneficioso al procesar polvaatecarinidad por el oxigeno, como

el cobre. Esto reduce la oxidacion durante la fabricacion y minimiza la formacién de
porosidad inducida por éxidos. En segundo lugar, el mecanismo de refuerzo dominante
en CuCrZr es el endurecimiento por precipitaciohpiecalentamiento intrinseco en
PBFEB (por escaneado previo del haz y calefaccion sostenida de la base) promueve un
envejecimientoin situ durante la fabricacion. Esto da lugar a una microestructura
endurecida por precipitacion directamente en la cobwlias-built, sin necesidad de
tratamientos de envejecimiento posteriores.

Por tanto, esta tesis constituye una investigacién en ciencia de materiales sobre la
viabilidad del proceso PBEB para fabricar CuCrZde grado ITER como material
disipador de caloen aplicaciones nucleares. Para ello, se optimizaron sisteméaticamente
|l os par8metros clave del proceso para al
requirié una extensa camparfia de optimizacion paramétrica. Los resultados muestran que,
aungue spuede alcanzar una densificacion casi total con buena calidad microestructural,
el proceso sigue siendo muy sensible al ajuste fino de parametros y fuertemente
dependiente de las caracteristicas del polvo de partida. Esto subraya la importancia de
adaptartanto la morfologia del polvo como la estrategia de procesado para garantizar
resultados reproducibles y consistentes.

Durante la optimizacién, se demostré que el uso de velocidades de escaneado del haz
relativamente bajas y constantes (del orden de uleosos de mm/s) condujo a los
mejores resultados de densificacién. Esto no es habitual en construcciones estandar por
PBFEB, donde las velocidades suelen variar segun la zona. El conjunto de parametros
optimizado en este estudio se sitla en un régimenaligente sobrefundido, segun la
microporosidad esférica observada y en comparacion con estudios previos. Este conjunto
favorecié una superposicién coherente akenelt poolsy la fusion repetidale capas
previas, influyendo fuertemente en la morfologiaydo y en la precipitacion.

La porosidad residual es una caracteristica inherente a la AM, y por tanto debe abordarse
como un criterio de evaluacion central. En este trabajo, se ha demostrado que la
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microporosidad esférica, no conectada y ausente emplerficie puede eliminarse
eficazmente mediante HIP, alcanzando una de
es un valor excelente, aun deja cierto margen de mejora. Como era de esperar, la
porosidad restante afecta a la conductividad térmica. Sin embkag medidas
experimentales se sitian dentro del rango dipieportado para K&uCrZr (320

380 W/ mLK) . Estas medi das, reali zadas hast .
del material en el rango operativo relevante, cumpliendo con los requisitisrfales

como material HHF para reactores de fusion nuclear.

Procesos aditivos como PBF generan gradientes térmicos extremos y velocidades de
solidificacion muy elevadas, dando lugar a microestructuras jerarquicas fuera de
equilibrio que requieren una reaterizacion multiescala exhaustiva. Esto es
especialmente relevante en PBB debido al precalentamiento sostenido y la formacién
directa de precipitados nanoscépicos. En este trabajo, las caracteristicas macro y
mesoscopicas se analizaron mediante meEopia Optica, las caracteristicas
microscépicas mediante FEEM con EDS, y las nanoscoépicas mediante S/TEM.
Ademas, se caracteriz0 la textura cristalografica con EBSD y se calculafanttoes

de Taylorcon el marco d8ishopHill .

Este nivel de caraetizacion permite comprender los mecanismos que gobiernan la
formacion microestructural. Mas alla de validar las propiedades del material, este trabajo
demuestra como los parametros de fabricacion y tratamientos térmicos permiten ajustar
microestructuras medida para requisitos funcionales y mecéanicos especificos. La AM
es inherentemente anisotrépica debido a su naturaleza capa pgr&ap&mo proceso

puede ser aprovechadpara inducir subestructuras no accesibles por métodos
convencionales, inaugurdo un nuevo paradigma en el disefio de materiales.

Los resultados microestructurales de este trabajo muestran caracteristicas ajustadas
mediante el disefio del proceso. Se observaron granos elongados alineados con la
direcciéon de construccion (BD) y bordes drano corrugados, que podrian mejorar la
resistencia atreepal suprimir el deslizamiento intergranular. A escala mas fina, los
subgranos desarrollaron estructuras celulares ricas en dislocaciones. En cuanto a los
precipitados, se observaron zotasgnier-Prestonde tamafo y densidad comparables a

las obtenidas por procesamiento convencional, con precipitad@®de5 nm y una
fraccion significativa en elrango 205 nm (r el evant e ©rowag.r a endu
También se identificaron precipitados gruesos en bordes de grano y subgrano, lo cual
favorece la resistencia aleep

La textura cristalografica desarrollada fue de tipo fibra con orientaciones <110> alineadas
con BD, sin simetria cilindricaiaclinadaun cierto anguloEl analisis de figuras de polos
permitié identificar y cuantificar componentes especificos, cuyo comportamiento ante
tratamientos térmicos se estudio. Se observo una transicion de|fBDG»<1006 || BD,

con implicaciones mecéanicasevantes.

Para evaluar estos efectos, se desarroll6 una metodologia que combina analisis
convencional de textura con el calculo fdeltor de Taylousando el marcBishopHiill .

Su aplicacion a CuCrZr procesado por FBEE representa una contribucion ongi.

Inicialmente se observardactores de Taylomas altos en BD (3.34) frente a la direccion
transversal (3.05), per o tras tratamient c
convergieron haciB2.7, indicando una tendencia hacia la isotropia mecanica.
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Las popiedades mecéanicas se evaluaron mediante ensayos de traccion, impacto Charpy
miniaturizado y microdureza Vickers. Estos ensayos demostraron un comportamiento
comparable, e incluso superior, al de CuCrZr convencional. La comparacion cen PBF
LB mostro queen ese caso, el envejecimiento pmstceso es esencial para obtener buen
rendimiento, mientras que en PBEB se consigue directamente en estsdouilt gracias

al precalentamiento.

Las durezas obtenidas fueron consistentemente superiores al minimodoegaea

componentes de ITER (126 HV), alcanzando entre 157 y 174 HV tras HIP. Las pruebas

de impacto indicaron buena tenacidad, aunque ligeramente inferior a los valores maximos
reportados, probabl emente por | a microporos

Finalmerne, este trabajo confirma varios aspectos clave para desarrollos futuros. Se ha
demostrado que un ligero aumento en el contenido de Cr no coatigu@samiento de
precipitadosabriendo margen de mejora mecanica. También se ha constatado que el Zr
influye fuertemente en la resistencia, proponiendo un ajuste mas fino en las
especificaciones actuales. Por ultimo, se ha confirmado la importancia critica de
minimizar el oxigeno aol largo de toda la cadena de fabricacion. Incluso incrementos
moderados impactan negativamente en la densificacion y la integridad microestructural,
subrayando la necesidad de un control atmosférico riguroso en la AM de aleaciones base
Cu

Estos resultadosientan una base soélida para la cualificacién de materialed£BBIh

sistemas de fusion nuclear y apuntan hacia futuras estrategias de mejora mediante disefio
de aleacién y proceso.
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EBM3.1 fabrication (a$uilt condition). BD: Building Direction...........cccoeeeeeeiiiiviceeeeeee, 159

Figure 4.5 OM micrograph showing the morphology, size and distribution of porosity in the
EBM3.4 fabrication (a$uilt condition). BD: Building Direction..............cccoeeevviiiiiccceeneeee. 160

Figure 4.6 Average relative density for the differents REB fabrications. Red squares represent
the average values measured in thdwK conditions, while blue columns display the values
(o] o] =11 8 T=To IF= U1 1= g o || PP 161

Figure 4.7 Thermal conductivity (k) vs. temperature of the EBM3.4 fabrication (after HIP),
calculated from the thermal diffusivity, specific hegpaeity and apparent density according to
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Figure 4.80M micrograph of the etched surface of an EBM3.4 (section parallel to the building
di recti on,-buift,(bBaBYr HIP.(..2.)...... A Sueeriiiiee e 164

Figure 4.9Phase contrast map obtained by EBSD from an EBM3.4 specimen (HIPped condition),
showing the grain boundary network within the FCC matrix. Lowangle boundaries (LABSs,
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Figure 4.10Grain size distribution measured by EBSD after HIP, determined as the equivalent
circular diameter perpendicular to the grain elongation direction.................c..ceeeevveeee. 165

Figure 4.110M micrograph of the etched surface of an EBM3.4 specimen after HIP, at higher
magni fications (section parallel to the buil di
indicated with dashed white lines, and the thickness of three of them istgxpiirked.... 166

Figure 4.120M micrograph of the etched surface of an EBM3.4 specimen after HIP, at higher
magnifications (seatin par all el to the building direction,
indicated, along with different regions within the same grain, highlighted with dashed white
polygons. These regions exhibit distinct orientations and are precisely delimites ioglt pool
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Figure 4.130M micrograph of the etched surface of an EBM3.4 specimen after HIP, at higher
magnifica i ons (section parallel to the building di
boundaries are indicated, with their intersection located immediately above the region marked

with a dashed white line. This region highlights the network oflié@lstructures formed by the
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Figure 4.141n Lens highresolution FESEM micrograph of the electropolished surface of an
EBM3.4 specimen after HIP. Large precipitates are observed along the melt pool boundaries. A
yellow rectangle marks a precipitdtee zone at the lower boundary. The upper boundary is left
unmarked for clarity. Cyan and white markers highlight regions witftically aligned
precipitates and celluldike structures, reSPeCtiVElY............ovvieiiiiiiiicceiiiiiiieee e 169

Figure 4.15FE-SEM micrograph of the larger precipitates located along the melt pool boundaries
in an EBM3.4 specimen after HIP.........cccoooiiiii i reer e 170

Figure 4.16 FE-SEM micrograph of the larger precipitates located along the melt pool boundaries
in an EBM3.4 specimen after HIP. EDS line scans reveal that, despite thigin Aature, these
Precipitates alSO CONTAIN Clu......cooiiiiiiiiie et e e eeenees 170

Figure 4.17FE-SEM micrograph of an EBM3.4 specimen after HIP, showing precipitates located
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Figure 4.18 OM micrograph of the etched surface (metatartaric acid solution) of an EBM3.4
speci men after HIP (section parall edhemicel t he bu
etching in an HCGmethanolmetatartaric acid solution preferentially reveals the melt pool
boundaries, highlighting the significant overlapping between successive melt pools..172

Figure 4.19 OM micrograph of the etched surface (metatartaric acid solution) of an EBM3.4
speci men after HI' P (section parallel to the bu
particles are oberved, three oriented perpendicularly to BD and one slighdy. tilte........ 173

Figure 4.200M micrograph of the unetched surface of an EBM3.4 specimen after HIP, at higher
magnifications (section patale | to the building direction, y E
associated with irregular pores, highlighting their frequent correlation........................ 173

Figure 4.21FE-SEM micrograph of a zirconia particle in an EBM3.4 specimen after HIP. EDS
analyses indicate an approximate composition of 80% Zr and 20% O (wt.%) in thedegartic

Figure 4.22FE-SEM micrograph of an EBM3.4 specimen in theébagt condition, showing the
fine-scale distribution of @cipitates (dark SPOLS)..........uuuveiiiiiiiiiiiieen e 175

Figure 4.23 FE-SEM micrograph of an EBM3.4 specimen after HIP, showing thesitaée
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Figure 4.24 FE-SEM micrograph of the electropolished surface of an EBM3.4 specimen after
HIP. Whitemarked regions highlight areas where subgrains are vertically aligned, with a slight
inclination from BD indicated by white arrows. The blaolarked region was ssited for higher
magnification, as Shown in Fig. 4.25. ... 177

Figure 4.25 Highermagnification FESEM micrograph corresponding toettblackmarked
region in Fig. 4.24. The celluldike structure of the subgrains is clearly observed when they are
oriented towards the ODSEIVEI.............uuiiiiiiie e 177

Figure 4.26In Lens highresolution FESEM micrograph of an EBM3.4 specimen after HIP. The
sample was etched with ferric chloride hexahydrate solution (described in section 3.3.4.1),
allowing for a clearer distinction of the subgraimagement.............ccccccoeviieemniciinenn. 178

Figure 4.27Subgrain size distribution measured by EBSD, determined as the equivalent circular
diameter. (a) Full distribution. (b) Same distribution with smaller bin sizes, allowing for a clearer
visualization of the population of smaller subgrains...........cccccciiiicreeeeieeiieeeeeeeee, 178

Figure 4.28 MAADF-STEM micrograph of a carbon replica showing-rich precipitates
attached to the carbon film ¢asiilt). The white and yellw-marked square regions indicate the
areas where EDS analyses were performed, showed id.Egand Fig.4.3Q respectively. The
yellow ellipses mark finer precipitates whose composition could not be reliably determined due
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Figure 4.29EDS spectrum corresponding to the white square region id Ri§.The precipitates
analysed are primarily composed of @ith some oxygen also detected, possibly due to oxidation
during the replica Preparation PrOCESS..... ... uuuuurriiiiimreeeeeeeeeeeee e e e e e e eeer e 181

Figure 4.30EDS spectrum corresponding to the yellow square region indE1§. Here, the
precipitates analysed also reveal some Zr CoOntent..............cooeeiiiceeveeeeeeeveeeeineeiieniiee. 181

Figure 4.31MAADF-STEM micrographs from an EBM3.4 specimen in thdai#t condition.

Bright spots correspond to precipitates whose contrast arises from a combination of Z contrast
and diffraction contrast.fe particularly small grain size observed in (a) remains consistent with
the previously reported high standard deviation values...............coevvvvieeeeiieiiiieieeeeenn. 183

Figure 4.32(a) BF TEM micrograph and its (b) corresponding SAED pattern of thmiids
EBM3.4 fabrication, calibrated to the <110> zone axis in the upper grain from.(a).....184

Figure 4.33BF TEM micrograph imaged near a <110> type zone axis in copper from an EBM3.4
specimen in the dsuilt condition. The image highlights precipitates exhibiting the characteristic
COffEe DEAN CONLIASL. ... . eeiiiiii e e e n e eeeees 184

Figure 4.34Highermagnification MAADFSTEM micrograph from an EBM3.4 specimen in the
asbuilt condition. The image shows dislocation loops and bright precipitates............. 185

Figure 4.35Highermagnification MAADFSTEM micrograph from an EBM3.4 specimen in the
asbuilt condition. The image provides a detailed vigva precipitate displaying Moiré contrast,
with well-defined Moiré fringes. The surrounding matrix appears darker due to the imaging
conditions iN MAADESTEM.......ooo et e e e e eeeee s 185

Figure 4.36 MAADF-STEM micrograph from an EBM3.4 specimen in thebast condition,
showing EDS line scans (a) and (b) performed on differesric8@rprecipitates. (a) A Moiré
patterned precipitate (~35 nm) exhibitingar Cr enrichment. (b) From left to right: a bright
particle (~10 nm) with strong Z contrast and possible Moiré interference, a smaller bright particle
(~5 nm) with minimal Cr enrichment, and a dislocation loop (~15 nm) showing a significant
increase in €content. No Zr was detected in any of these features...................ccceeee.. 187
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Figure 4.37 MAADF-STEM micrographs from an EBM3.4 specimen in théai$ condition.

Bright spherical precipitates are observed, on which EDS point analyses were conducted after no
significant elemental enrichment was detected through EDS maps or linescans. Bhesesan
confirmed the presence of Zr in this phase. The corresponding EDS spectra are shown alongside
LA TSI 141 Te C0 o | r= o o TP 188

Figure 4.38 MAADF-STEM micrographs from an EBM3.4 specimen after HIP. (a) Overview
showing a homogeneous distribution of ultrafine precipitates. (b) Higher magnification image
revealing the presence of the four previously described nanofeatures: Moiré patfégad)aan
contrast, dislocation loops, and bright precipitates, which remain detectable after.HIP.89

Figure 4. 39MAADF-STEM miaographs from an EBM3.4 specimen after AB+HT (375°C for

2 months). (a) Overview showing changes in the precipitate population, including a significant
reduction in dislocation loops and precipitates exhibiting coffee bean contrast, alongside an
increase irbright precipitates, particularly those with cylindrical and elongated shapes, which
now appear more abundant and easily distinguishable. (b) Higher magnification image confirming
that Moiré contrast precipitates remain detectable after-temmy exposureat moderate
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Figure 4.40Precipitate size distributions obtained in thébag i | t , HI Pped (450 C,
h), and AB+HT (375°C for 2 months) conditions from the EBM3.4 batch. These measurements

were obtained by analysing precipitate sizes in the STEM micrographs acquired for each
condition, considering the corresponding foil thickness for each image..................... 191

Figure 4.41 Cumulative frequency curves corresponding to the precipitate size distributions
shown in Fig.4.40for the asbuilt, HIPped, and AB+HT conditions..........cc.cccccvvvvvvevieenn. 192

Figure 4.42MAADF-STEM micrograph with its corresponding EDS analysis from an EBM3.4
specimen after HIP. EDS analysis confirms smali€m precipitates at grain boundaries and
negligible Zr content in these fEAatUIES..........ooii it 192

Figure 4.43MAADF-STEM micrograph with its corresponding EDS analysis from an EBM3.4
specimen after HIP. EDS analysis confirmsriCh precpitates at grain boundaries with a slight
oxygen signal detected. -Zich precipitates have been also found at grain boundaries..193

Figure 4.44MAADF-STEM micrographs from an EBM3.4 specimen after HIP. (a) and (b) show
high concentrations of dislocations near or even anchored at grain boundaries. Small precipitates
can be also observed at grain boundaries................oooiiiieeeeiiicciiccee e 194

Figure 4.45MAADF-STEM micrographs from an EBM3.4 specimen after HIP. (a) and (b) reveal
the subgrain structure characterised by defined dislocation walls. Small precipitates, whose
nature is detailed in Fig.44 can also be observed at grain boundaries....................... 195

Figure 4.46MAADF-STEM micrographs from an EBM3.4 specimen after HIP. (a) and (b) show
relatively large precipitates (~7550 nm)along subgrain boundaries. EDS analysis reveals that
these coupled precipitates consist of ari€m particle and a Zrich particle, clearly
distinguishable due to the orientation of the subgrains (subgrain boundaries delimited by dashed
white lines; subgpins orientation is indicated by the white arraw).....................ccceeee 196

Figure 4.47 MAADF-STEM micrographs from an EBM3.4 specimen after HIP, shgw
relatively large precipitates (~7550 nm) along grain boundaries. Similarly to FMgd4 EDS
analysis again reveals a pair of coupled precipitates, oniefCand the other Zrich. ......... 197

Figure 4.48BD/TD sections of EBM3.4 (abuilt): (a) and (c) Orientation maps with respect to
BD and ND, respectively, (b) and (d) IPFs along BD and ND, respectively. LABs and HABs are
shown in the orientation maps as thin and thick black lines, respectively. Doe key triangle

is included here to facilitate COMPANISON...........cooiiiiiiiiii e 199
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Figure 4.49BD/TD sections of EBM3.4 (HIPped): (a) and (c) Ori¢iota maps with respect to
BD and ND, respectively, (b) and (d) IPFs along BD and ND, respectively. LABs and HABs are
shown in the orientation maps as thin and thick black lines, respectively.................... 200

Figure 4.50BD/TD sections of EBM3.4 (AB+HT (375°C, 2 months)): (a) and (c) Orientation
maps with respect to BD and ND, respectively, (b) and (d) IPFs along BD and ND, respectively.
LABs andHABs are shown in the orientation maps as thin and thick black lines, respectively.

Figure 4.51BD/TD sections of EBM3.4 (HR+HT (375°C, 2 months)): (a) and (c) Orientation
maps with respect to BD and ND, respectively, (b) and (d) IPFs along BD and ND, respectively.
LABs and HABs are shown in the orientation maps as thin and thick black lines, respectively.

Figure 4.520rientation maps (with respect to BD) acquired at BD/TD section showing the grain
morphology for specimens subjectedstmortterm heat treatments: (a) AB + HT (375 °C, 3 h).
(b) HIP + HT (475 °C, 3 h). (c) HIP + HT (550 °C, 3. 0)ueeieiiiiiiiee it 203

Figure 4.53 Pole figures from orientation data gathered by EBSD on the BD/TD section of
EBM3.4 in different conditions: (a) Alsuilt, (b) HIPped, (c) Aduilt + longterm HT, (d) HIP +
long-term HT. Expeatd pole positions for ideal texture components are indicated with coloured
squares: in (a), black and cyan squares correspond to {001}<110> and {110}<110> components,
respectively; in (d), red and orange squares mark the {001}<100>(cube texture) andOa9}<
OrEeNntations, FESPECHIVELY..........uuiiiiiiiie e eee e eeee e 206

Figure 4.54(a) Orientation map obtained from a BD/TD crasstion of an EBM3.4 specimen

in the HIPped condition, coloured by the crystallographic direction parallel to BD, with a step
size of 2 um. LABs and HABs are shown as thin and thick black lines, respectively. (b)
Corresponding local Taylor factor map with respect to.BD...................o e 208

Figure 4.55(a) Orientation map obtained from a BD/TD cresstion of an EBM3.4 specimen

in the HIPped condition, coloured by the crystallographic direction parallel to ND, with a step
size of 2 um. LABs and HABs are shown as thin and thick black lines, respectiogly
Corresponding local Taylor factor map with respect to ND..........ccccooviiiiiiiccceeieeeieeeeenn, 209

Figure 4.56Taylor factor distributions for different processing conditions of the EBM3.4 batch,
=1 [oTaTo [ oo 1 gl =B IF= T o I AN B TP 211

Figure 4.57 Engineering stresstrain curves of EBMILS specimens tested at RT after HIP
processing. T1 to T9 label different tests SPECIMENS...........cooeiiiii e, 212

Figure 4.58 Engineering stresstrain curves of EBM3.4 specimens tested at different
temperatures (RT, 250 °C, and 350 °C) after HIP processing..............cccvvvieemuveeeeenenn 213

Figure 4.59Fracture surfaces os tensile specimens from the -HEBB! fabrication tested at RT.

(a) Specimen T2, (b) specimen T7, (c) specimen T1. Yellow dashed ellipses highlight the regions
where fractureritiation is presumed to have occurred. Cyna dashed rectangles indicate locations
magnified iN Fig. 4.6Q...........u e e 215

Figure 4.60 Highermagnification views of the fracture surfaces highlighted by cyan dashed
rectangles in Fig. 4.59. (a) corresponds to specimen-EB®I T7, while (b) corresponds to
SPECIMEN EBMILS T ...ttt erne e e e e e e e e e e aaeaaaeaaaeeeeeaansennnen 216

Figure 4.61 Fracture surface of a representative tensile specimen from the EBM3.4 build. (a)
Low-magnification FESEM image. (b) Highemagnification view. (c) Detailed view at even
higher magnifiCatin. ... reer e 217
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Figure 4.62 FE-SEM micrograph of the fracture surface from an EBMS tensile specimen,
along with its EDS analysis. A ZD; particle is observed, possibly associated with an irregular
pore, which could act as a stress concentrator and contribute to premature.failure....218

Figure 4.63Charpy impact energy of EBNILS and EBM3.4 miniaturized specimens tested at

Figure 4.64 Fractured Charpy specimens from EBMS and EBM3.4 builds after Charpy
] o= Lo (=SS 1] o = | 3 PSP 220

Figure 4.65Vickers hardness measurements (HV0.5) of EBM3.4 specimens inthétastate,
after HIP, and following various sherte r m heat t.r.e.a.t.me.nt.s...(221 h) .

Figure 4.66 Vickers hardness measurements (HV0.5) of AB+HT specimens (EBM3.4
fabrication) subjected to lorgrm thermal exposure (300 AC, up...t.0..222000

Figure 4.67 Vickers hardness measurements (HV0.5) of HIP+HT specimens (EBM3.4
fabrication) subjected to loAgrm thermal exposure (3™00 AC, u p.......0...2220 8 0

Figure 4.68 Vickers hardness values (HV0.5) measured after HIP for all-PBFabricated
builds. The dashed line indicates the minimum recommended hardness vaGeCioCrZr in

h) .

h) .

thesolutiokanneal ed and aged c.o.nd.i.t.i.on..(.1.26228V) [ 229]

Figure 5.1(a) and (c) Experimental Taylor factor distributions along the tensile direction (ND)
for the asbuilt and HIPped conditions, respectively. (b) and (d) Theoretical distributions along
ND obtained from Binghardistributed <110> fibre textures inclined by @xd 8° with respect

to BD. These curves were provided by Prof. Wolfgang Pantleon (DTU) as part of a collaborative
effort within this thesis. A detailed explanation of the methodology used to generate them can be
1{0 10 T To T T 7 L R 245

Figure 5.2 Minimum and average Ultimate Tensile Strength (UTS) curves as a function of
temperature for Solution Annealed and Aged (SAA) CuCrZr (in blue) and for Solution Annealed
+ cold working + ageing (SAcwA) CuCrZr (in black), gathered and developed by K. Zhang et al.
(2019) [102]. The UTS values obtained in this work (red squares) f&irREB-manufactured
CuCrZr are provided. Additionally, UTS values obtained from either-PBfnanufactured
CuCrZr [363, 364, 367, 377, 32B3] in the asuilt or Direct Age Hardening (DAH) conditions,

or PBFEB-manufactured CuCrZr [321], previously pubkshby other authors are included for

(o0 .41 0 F= U 1T 0] o USSP 249

Figure 5.3Minimum and average 0.2% Yield Strength (YS) curves as a function of temperature
for Solution Annealed and Aged (SAA) CuCrZr (in blue) and for Solution Annealed + cold
working + ageing (SAcwA) CuCrZr (in black), gathered and developed by K. Zhang &t1#) (2
[102]. The YS values obtained in this work (red squares) fromEB®anufactured CuCrZr

are provided. Additionally, YS values obtained from either £BFmanufactured CuCrZr [363,

364, 367, 377, 391, 392, 393] in thelaslt or Direct Age Hardenin@DAH) conditions, or PBF
EB-manufactured CuCrZr [321, 320], previously published by other authors are included for
(00 4] 0 F= 11 0] o 250

Figure 5.4 Total elongation (TE) values as a function of temperature obtained in this work (red
squares) from PBEB-manufactured CuCrZr. Additionally, the previously reported values from
Solution Annealed and Aged (SAA) CuCrZr [140, 146, 155, 364], Solution Annealed and Aged
+ HIP (SCA) [140] and PBIEB [363, 364, 367, 377, 39393] in the aduilt or Direct Age
Hardening (DAH) conditions, and PHEB [321] are included..............cccvviiiiiiiceennnneenn, 250

Figure 5.5Role of alloying elements (Cr and Zr) on hardness. Hardness values obtained from
previously EBPBFmanuf act ured batches [264] are incl
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Introduction , objectives and structure of the thesis

The present doctoral thesis has been conducted within the framework of European
research efforts aimed at developing nuclear fusion as aewaatul sustainable energy
source. In this context, EUROfusidnformerly the European Fusion Development
Agreement (EFDAY coordinates a wide range of activities focused on the design and
validation of key technologies for future fusion power plants.

The research has been carried out at CIEMAT (Centro de Investigaciones Energéticas,
Medioambientales y Tecnoldgicas), a Spanish public research organisation under the
Ministry of Science, Innovation and Universities. Fusion research at CIEMAT is led by
the National Fusion LaboratorfLNF), which plays a key role in national and
international fusion programmes, including contributions to ITER;DEMO and
IFMIF-DONES. This thesis has been conducted in collaboration with CEIT, a Spanish
technology centre spiadised in advanced manufacturing and materials research, and
includes a research stay 3 monthsat DTU (Technical University of Denmark)he
research was funded by the EUROfusion Consortium, under the Euratom Research and
Training Programme (Grant Agrment No 10105220@&UROfusion), by the Spanish
Ministry of Science and Innovation through Grant TED2029825A100 (funded by
MICIU/AEI/10.13039/501100011033 and the European Union
NextGenerationEU/PRTR), and by internal funds from the National Fusicrataly.

The development of a viable fusion power plant involves overcoming a wide range of
scientific and technological challenges. Among them, the identification and qualification
of materialsthat can withstand extreme operational conditiomgcluding high neutron
fluxes, intense thermal loadsichlong service lifetimes are considered sonaéthe most
critical ones These challenges call not only for improved material formulations, but also
for advanced fabrication methods capable of tailoring retanctures and properties to
meet stringent design requirements.

In this framework, this thesis explores teeof additive manufacturing to leverage the
inherent benefits that this advanced manufacturing method offers. The most obvious
advantageis the unprecedented design flexibility producing-steape parts while
reducing theneedfor welding and joining operationgprocesseghat can alterthe
microstructure of the materiabith potentially critical consequences for component
performancefrom an engineering perspective. Moreover, additive manufacturing
produces materials layer by layer under highly-equilibrium conditions, ultimately
providing the capacity of tailoring specific unconventional microstructures which may
offer numerous benefitdepending on the applicatioAccordingly, this thesis is a
scientific work focused on the field of materials science, aiming at producing a material
with specific performance requirements and a igefined context and purpose, via
advanced manufactugmmethods.

The material studied is the ITER Grade CuCrZr, a precipitdtavdenedCu-based alloy
selected by the fusion community as the baseline option for heat sink purposes under



demanding conditions such as those exhibited in fusion reakteas.sirk materials in
these environments must meet rigorous requirements, hpt@mvithstand extremely
high thermal loads on the order of several MiWwingnormaloperation(with peak values
under transient events potentially reaching the order of 100, GM{alsoto provide
sufficient mechanical strerfytHowever, while CuCrZr shows promising characteristics,
it still presents significant challengésr meeting all the functional and mechanical
requirements in experimental fusion devices.

The innovative motivation of this work lies in a specific powtbaised additive
manufacturing process, the-salled Pwder Bed Fusion Electron Beanelting (PBF

EB). This thesis will explore how the use of electron beams can provide certain
advantages for therocessing ofCu andCu-based alloys, particularly by mitigating the
reflectivity issues that typically limit energy absorption in ldsased additive
manufacturing system#n addition, the vacuum environment required for electron beam
operation signiftantly reduces powder oxidation, a particularly important challenge
when working with high oxygen affinity materials suchCas Throughout this study, the
potential of this technique as an alternative to more widely used additive manufacturing
methods wil be assessed, with a particular focus on its suitability for materials like Cu
and its alloys

Building upon this motivation and technological context, the present thesis has been
structured around a set of wekfined objectives, aimed at addressing ¢hallenges
associated with the additive manufacturing of CuCrZr for fusion applications. As
mentioned,engineering requirements for CuCrZr gneecisely formulated within the
fusion field. In particular, the previously mentioned ITER Grade CuCrZr is etkbfiot

only by specific compositional limitsuitablefor nuclear fusiorenvironmentsbut also

by established and conventional processing routes that promote microstrudtiates
combire high mechanical strength with excellent thermaahductivity. Therefore, the

main objective of this work is to evaluate the feasibility of a specific electron beam
powder-based additive manufacturing technique for producing CuCrZrwithin the
compositional limits defined for the ITER Grade, and with fundional and
mechanical properties comparable to, or better than, those obtained through
conventional processing.

Reaching this overall goal requires addressing several key aspects, which are reflected in
the following specific objectives:

U To producelTER-Grade CuCrZr material by electron bearbased additive
manufacturing while establishing a solid understanding of the influence of
processing parameters on the final matguraperties Ultimately, the process
should be optimised by defining suitable parasrethat enable the production of
densified and defeehinimised components.

U To validate that the obtained functional and mechanical properties are at least
comparable to the average values reported for conventionally processed ITER
Grade CuCrZr, thus meeg the requirements for heat sink applications in fusion



environments. This will require to carry out thedepth characterisation of the
produced materials.

U To assess théaérmal stability of the additively manufactured CuCrZr, verifying
that the mateal retains its required functional and mechanical performance after
long-term exposure to elevated temperatures, as expected in fusion reactor
operating conditions.

U To develop a novel characterisation methodology for additively manufactured
materials based on advanced techniques, with a focus on their unique
microstructural and mechanical features resulting from the highly- non
equilibrium conditions inherent to additive manufacturing processes.

All in all, this researctdoes not only aim to expand tiseientific understanding of
CuCrZrprocessing through additive manufacturibgt also to contribute to the broader
effort of developing advanced materials and fabrication strategited tothe extreme
demands of nucleafusion technology. It reflects the ambition of transforming
fundamental materials knowledge into practical solutions for one of the most complex
and promising energy challenges of our time. Beyond its relevance to fusion, however,
the insights gained thughout this work are inherently transversal, as CuCrZr is also
widely employed in other engineering fields where efficient heat transfer must be
combined withhigh mechanical performance.

The manuscript is structured irs@parate chapters:

Chapter lprovides the general scientific and technological background in which
this thesis is framed. It begins widimoverview of the current global energy landscape
and its future projections, followed by a detailed introduction to the fundamentals of
nuclear fusion energy. This includes a historical perspective, the theoreticahasis
principlesof fusion reactionsand a discussion of the main scientific and technological
pillars that currently sustain research in the field. The chapter concludes with a section
dedicated to the materials challenge, a key issue in enabling the development of future
fusion power plargt.

Chapter 2surveys the evolution and processing of the CuCrZr alloy for fusion

applications, from its precipitation st
t hermomechani cal treat ment s, t hrough the s
protocols of I, TcEiR adpptadiah efor powddied fuston additive

manufacturing. It highlights how processing parameters control microstructure and
proper ti es, asses ang &s chalMiges prot eomp lae x ( net sha



compnents, and introduces Baylor factorf r amewor k t o quantify
strengthening and guide the thesisdos experi

Chapter 3outlines the methodology for producing and evaluat®g-uCrZr
materialvia PBFEBused inthisresearch it st arts with gas at omi
and commerci al powders and examines how po
| ayer deposition and part densi ty; present
parametersand subseg@ nt densi f i cat i details thenctharalsterisationt r e at n
techniques includinglensity and thermal conductivityassessmenmechanical testing
(tensil e, Charpy, mi crohardness), and mult
EDS, S/ITEM); describemetallographic preparation and EBSD orientation processing
via MTEX in Matlab along withTaylor factorcomputations to link texture to strength;
and concludepresentingth¢ her mal st abi dafriddputagei ng st udi e

Chapter 4presents the evaluatiorf the P BF EB @ateCial Z begins
with relative densitydensdicton methods totminindand po s
porosity, then moves to thermal conductivit
Multiscale microstructural characterizatn f ol | ows , from mesoscop
grain struct urEESEMN ol naroscale /SEND Nhyestigations  of
nanoprecipitates. Nrapping is carBoi&l witfeagoe fhctot e x t ur e
analysis to predict anisotropic yield behawioFinally, mechanical performance is
assessed through tensile tests (room and elevated temperature), Charpy impact, and
hardness measurements, with comparative builds demonstrating the benefits of optimized
powder and processing routes.

Chapter 51 i nks PBF EB processing and post
performance inG-CuCrZrfrom the results presented in Chapteit 4hows how energy
input and HIP control porosity, how residual defects and solute retention affect thermal
conductivity, how ne s o and nanoscale microstructures
texture (viaTaylor factoranalysis) predicts anisotropic yield behavior. These structural
and textural insights are then correlated with tensile, impact, and hardness results to derive
cleargai del i nes for tailoring PBF EB parameter
property targets in fusion relevant CuCr Zr

Chapter 6andChapter c ons ol i date the thesisbs key

set of conclusions and chart the future aeske avenues needed to further advance
PBF EB CuCr Zr development for fusion reacto



Chapter 1. Setting the stage: Materials and energy challenges

for nuclear fusion

Chapter l ays the groundwor k for stgloeal etelgesi s by
dilemma: growing demand, geopolitical volatility, and the urgent imperative to
decarbonize in the face of climate change. It reviews the tiontof our current energy

mix (still dominatedby fossil fuels)\and i ntroduces nucl ear fus
carbon fr ee h the potential dot delwex vast iartshseload power. The
principleso f nucl ear fusion are then introduced,

advantageand fuel abundance, while acknowledgitgyunresolved technical hurdles

Building on this foundation, the chapter outlines the fundamental physics of fusion

energy. It explains the choice of the deuterutum (D-T) r eacti on, present
criterion and the triple product as metrics for ignition, and surveys the two principal
confinement approacke Magnetic confinement devicegrifcipally tokamaks and
stellarators)are described in terms of their magnetic field geometries, plasma stability
challerges, and ongoing flagship experiments such as ITER and the planned DEMO
reactor. In parallel, the basics of inertial confinement are sketched, emphasizing its
complementary role and recent experimental milestones.

The chapter then examines the materiallehges posed by the fusion environment. It

outlines theextreme operational conditioiissurfacen e at f |l uxes i A the te
14 MeV neutron irradiation, cyclic ther mal
critical r ol ewmnpoodnts,gtiucusahsappdrts and bregding blankets are
introduced, and candidate materiatlsy(  ngst e n, reduced sticti vati c

steels, and copper alloysye discussed in terms of their thermal, mechanical, and
radi ati on d aTha geeesspyrabm etsitiarti lobeeeding and extraction for
fuel s e | fandssafdtyfis atso reghlighgeBinally, the chapter briefly surveys
how these mat&l behaviors might be assessedl identiies the gaps in understanding
whatmotivate this thesis.



1.1. The current worldwide energy landscape Challenges and
opportunities

As our society continues to advance technologically and industrially, its energy
consumption grows even more significanfiyne current scenario presents challenges in
developing a sustainable lifestyle asafeguardinghe long-term health of our planet,
while theglobal population is expected to reach 9.6 billion people by P{J5This fact,
combined withmacroeconomic trendsnd the increasing energy consumption per capita
over the past decadeg],[ will entail a significant increase in energy demand and
productionin the coming year$3]. However, currently around80% of the energy
consumedtill comes from fossil fuelsd].

Global warming is a wellocumented and undeniable phenomenon, supported by
extensive scientific researcliReports from the Intergovernmental Panel on Climate
Change (IPCC) the leadingnternational body for assessing climate changfgow clear
evidence ofhis trend.Fig. 1.1(a) illustrates the rise in global temperatusasce 1850
highlighting the significant warming observed, particularly in recent dec&ileHis
warming is not only evidernthrough changes in average global temperatue also
through otheindicators such as risirlgnd and ocean temperatures aisthg sea levels

[6].

Moreover, human activitiehave significantly contributed to the accumulation of
greenhouseffect gases in the atmosphefég. 1.1(b) shows that by 2010, 49 GtGO

eg/yr were released into the atmosphere from anthropogenic sources, with the figure also
illustrating the percentage contributions of different greenhouse gaseis total[6].

While establishing a direct causal link between global warming and human ativity
complex, models and estimatioagongly suggest that the origin of this warming is
fiextremely likely t o b e a ]t Higrld(p) dusteates tlois ppint, showing that

the estimated anthropogenic contributions (oraageglosely aligredwith the observed
warming (black), indicating a strong correlation between huemissions and global
temperature risfs].

In this contextthe challenge liesot onlyin meeting the energy needs of a growing global
population, whose energy consumption per capita continues tp bigealso m
transitioning towards cleaner antbre sustainable energy sources to reduce greenhouse
gas emissionsFurthermore, fossil fuel reserves are finite and increasingly costly to
extract, making their lorterm use unsustainable regardless of emissions considerations.
These reserves are also geographically concentrated in specific regions, often leading to
geomlitical tensions and economic dependenciesftivtiercomplicate their continued
reliance.

To address these demands, global renewable power capacity is incesasiryggawith

the aim of tripling its 2022 leved by 2030, and several scenarios projeet solar
photovoltaics and wind energy will account for 95% of the global renewable energy
expansion T]. However, while these technologies are cruciahtbiee a sustainable
energysystem, they also face certain limitations, such as the intermitteiledp dveather
fluctuations,dependence on advancements in energy storage technologies, and the need
for large land aread.he ®lution must involve an integrateshery mix modelthat not



only focuses on renewables agiesbut alsoincludes energgfficiency improvements
advancements in energy storagarbon capture and storaged nuclear fission energy
as part of the overall strategy.

Nuclear fission offers @aomplementary solution to meet energgnthnds and achieve
netzero emissions. Unlike solar and wind energy, nuclear fission provides a stable and
continuous power supply, known as b&ssd energy, which is not subject to climatic
fluctuations. Additional, it does not rely on energy storage advancements and is-a high

energydensity technology, capable of producing a large amount of energy from a
relatively small amount of fuel.
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Figure 1.1 (a) Evolution of global mean surface temperature over the period of instrumental observations
[5]. (b) Total annual anthropogenic genhouse gas (GHG) emissions (gigatonne of-EQivalent per

year, GtCOZ2eq/yr) for the period 1970 to 2010 by gasé [CO2 from fossil fuel combustion and
indugrial processes; CO2 from Forestry and Other Land Use (FOLU); methane (CH4); nitrous oxide
(N20); fluorinated gases covered under the Kyoto protocgjgfes). (c) Assessed likely ranges (whiskers)
and their midpoints (bars) for warming trends over the5192010period|6].



Nuclear fission involves the splitting of heavy atomic nuclei, such as uranium or
plutonium, into lighter atoms. The process is based on a controlled chain reaction where

the nuclear fuels ef f ect i vel y sighficantramaunt ofreetgeiathe ng a
process. However, an uncontrolled chain reaction can lead to catastrophic nuclear
accidents, as demonstrated by historical events like Cherf@bghd Fukushim&9].

Today, advanced safety protocols and reacteigde have significantly minimesl the

risk of such accidents, makimgiclear power plants far safer.

These protocols include multiple layers of fsdfes, rigorous monitoring systems and
automatic shutdown mechanisms, all of which work togethereteept any uncontrolled
reaction [10]. Another important consideration with nuclear fission energy is the
management of radioactive waste. The fission products are unstable and have {ong half
lives, requiring the waste to be safely isolated in sealed containers for thousands of years.
Considering these factors, while nuclear fission enargy playan essential role in the
transition from a fossil fudbased energy system to a cleaner and more sabtaimix,

its associated challenges underscore the need to continue exploring safer alternatives for
the future.

1.2. Nuclear fusion energy Principles and prospects

1.2.1. Foundations and potential of fusion energy

Nuclear fusion is a promising alternative technology e the potential to be one of

the most significant technological breakthroughs in human hidtasion is the nuclear

reaction that occurs in the core of stars, where the enortameraturesind gravity

fuse light hydrogen nuclei giving rise to heavier helium atoms and releasing a significant

amount ofenergy in the procesSince the 1950s, researchées/e been exploring the

possibilityof replicatingthis processn Earth Sovietscientists Andrei Sakharov and Igor

Tamm pioneered the conceptudesigna thermonuclear fusion reactor operating by

magnetic confinementi[l-13], known as th&okamak concept (an acronym derived from

the Russian phragetstesd H Odz' dzOWY C Od3j e © M -gOidatipdya dz' dzsd € C
kamera s magnitnymi katusdrkii meaningdoroidal chamber with magnetic cdjs

Later, an alternatey magnetic confinemerdesign calledthe Stellarator concepivas
developed by Lyman Spitzet4]. Shortly there#ier, the concept of inertial confinement
fusion emerged, spearheaded by researchers like John Nuckolls at Lawrence Livermore
National Laboratory. This approach proposed usitense energy sources, suctnagr
powerlasers to compress and heat millimeszed fuel capsules to fusion conditions

[15]. The technical differences between these approaches lie in how confinement and
heating are achieved and will be discussed in detagdtiors 1.2.3and1.2.4

Nuclear fusion technology is still under development, byttdtentialbenefitsare already
well recognizedit offers a nearly limitlessupply of energyproduces no greenhousas
emissions during operatipand, unlike nuclear fissiornts reaction products are not



radioactive. Some radioactive waste will still be generated due to the iactioatthe
reactor 0s st thaughttheseaave anrauche skarhalfilife compared to
fission wasteFurthermore, fusioneactors are considered toibberently safe, sincthe
energy production does not retyy a chain reaction, as in fissidn the event of an
operational deviation or accident, the plasma rapidly cools and loses its confinement,

causing the fusion reactions to stop within seconds without external intervighijon

Light atomic nuclei are used as fuel in fusion reactions, which are forced together to fuse
through extremely higtemperature$10® K or 100keV). In these temperature ranges,
which aremuch higher than the ionisation enengfythe fuson reactantsgge gsction

1.2.2, the fuel becomeslasma (ionised gas) and must be confireallow the nuclei to

fuse. Theprocess is extremely complex, as any deviation from the optimal operating
configuraton can leadto plasma cooling andoss of confinementas previously
mentionedIn such instances, the reactor would automatically shut down within seconds,
halting the energy production process with no external effects

With regard toenergy density, fusion outshines amongher power generation
technologiesin terms of specific energy (energy stored per kg of fuel), the fusion reaction
is about 4 million times more energetic than a chemical reaction such as burning of coal,
oil or gas.Table 1.1 provides a comparison of the specific energy of different fuels and
energy storage technologies, including deuteritittum fusion (nuclear fusion fusj

sedion 1.2.2, nuclear fission fuels ({235 and P238), hydrogen (representative of
chemical energy sources like common fuelkkanes or alcohols, although these are
generally one order of magnitude dleg, modern lithiumion batteries and next
generation posithium-ion batteries17, 1§].

Table 1.1 Energy storage capability of various fuels and energy stotagienologie$17, 18]

Specific energy
Storage type
ge typ (MJ/kg)
Deuteriumtritium fusion 5.76 10°
U-235 1.44 1C°
Fission

Pu-238 22 10°

Hydrogen 143

Modern Lkion batteries 0.792

Li-oxygen batterieg 10.8

PostLi-ion . .
batteries Li-sulptur batteries 1.51
Na-ion batteries 1.15

*Note that hydrogen is representative of chemical energy solikees
common fuels, alkanes or alcohols



To provide perspective on the fuel efficiency of nuclear fusion, a 1GW fusion power plant
would require only 250 kg of fusion fuel per yea0Q kg of deuterium and 150 kg of
tritium, reflectingtheir atomic masses and the 1:1 ratio of the fusion reaction; see the next
section). In contrast, a cefited power plant of the same capacity needs approximately
2.7 10°kg of fuel[19].

1.2.2. Fundamentalsof nuclear fusion

Energy production via nuclear reactionsither byfission or fusiori relies on the release

of large amounts of energgsulting from changes in nuclear structure. This energy arises

from the mass difference between the reactants and the products: the total mass of the

initial nuclei (m) exceeds that of the final nucleusx)( and the mass difference is

converted intoemegy accor di ng t oBechusdhe gpeed offighih equ at i ¢
vacuumis extremelylarge (¢ D 300.000 km/5 evena small amount of missing mass

turns into a large amount of energy

0O 4 & & (1.1)

The nucleus isomposed byrotons(positivdy chargedand neutronguncharged)both
referred to as nucleons, which are bound together by the strong nuclear force. The atomic
numberZ, defined by the number of protons, determines the specific chemical element.
Nuclei with the same atomic number buffelient number of neutrongh{s different

mass numbeh) areknown as isotopes of that element. The nuclear binding energy which
holds the nucleus together varies between elements and their isotopes, as gfigwn in

1.2 by the binding energy (per nucleon) curve as a function of the mass nAfrer

The graph reveala region of stability for isotopes with massmbersclose to that of

iron (A D 55-65). This regionknownas tharon group is highly relevantn astrophysics

as it represents thelements with e highst binding energy andreateststability of
amongall nuclear specieR2]]. Isotopes with mass numbettsat deviate significantly

from those of tharon group are less tightly bound, making them more prone to undergo
nuclear reactions. Heavier nuclei, such as uranium, can release energy through fission,
where they break apart intoore tightly bound nuclei with lower mass per nucleon.
Similarly, lighter nuclei, such as hydrogen, can release energy through fusion, where they
combine to form more tightly bound nuclei. In both cases, energy is released as the
resulting nuclei are cles to the iron group, which represents the most stable
configuration in terms of binding energy per nucleon.

10
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Hydrogen, the lightest of all elements, is a collective term for its three isotopes: protium
(*H), deuterium (2H), and tritium (3H). In their ground state, all three isotopes have a
nucleus composed of a single proton surrounded by an electron iroitigtdls However,

they differ in the number of neutrons bound to the proton: protium has zero neutrons,
deuterium has one, and tritium has two. Similarly, helium also has two isotopes of
interest: heliunB (3He), which contains two protons and one neutand,helium4 ( He ) ,
composed btwo protons and two neutrons.

Deuterium, tritium, heliun8, and heliumd are of particular importance in nuclear fusion

due to their favourable properties for fusion reactions. As shown in the nuclear binding
energy curvethe energy gap between these isotopes is substantial, indicating that a fusion
reaction between two of these isotopes, forming one of the others, releases a particularly
large amount of energy per reaction. This makes them especially promising candidates
for energy production through fuston

D-T H +3H O “He (3.5 MeV) + n(14.1 MeV) (1.2)

D-3He 2H+3%He © “He (3.6 MeV) +  H(14.7 MeV) (1.3)
D-D 2H+2H O 3H(1.01 MeV) +  1H(3.02MeV) (D50%) (1.4)

0O 3He (0.82MeV) + n(2.45MeV) (D50 %) (1.5)
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D-T and D3Hereactions arespeciallynoteworthy asbothlead tothe creation of 4He
nucleus The nuclear binding energy of this fusion produdignificantly higherthan

that ofthe parennuclei ©7 MeV), resulting ina lighter nucleorand alarge release of
energy.n the D-T reaction, this energy manifests as an accelerated neutron (14.1 MeV),
while in the D3He reaction, it takes the form of an accelerated proton (14.7 M&\4).
difference in releasednergy aligns with the slightly higher nuclear binding energy of
tritium compared to helium. In the case of the ID reaction, two possible reactions can
take place, each with approximately the same probability. However, a relatively small
amount of energys released from these reactions, which is consistent with the lower
nuclear binding energy of the fusion products compared to those obtained frorTthe D
and D*He reactions.

For the fusion of two light atomic nuclei to occur, they must approach eaehaith
distance on the order of their size ¢tén), due to the short range of the strong nuclear
force Since mclei are positivly chargeda strongrepulsive electrostatiforce acts to
keep them apait Co u |l o mbUnly wHenathe hucle are extremey closedoesan
attractive nuclear force becomsrong enough tocounteact this repulsion. This
phenomenons illustratedin Fig. 1.3(a), wherethe potential energy of two nuclei is
schenatically shownas a function of their separation distafizg. When they approach
each other sufficiently, the nuclear attran overcomes the electrical force, resulting in
a drop in potential energidowever, the energy barriereated bythe electrostatic force
(Coulomb potentiglis enormousrequiring an equally immense amount of energy for the
nuclei to get closenough for fusion to occur.
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Figure 1.3 (a) Potential energy of two nuclei as a function of their separalistance[22]. (b) Fusion
cross section for a range of energies of deuterium ions, where D represents deuterium, T represents tritium
and®He represents helin@ [24].

Fortunately, the laws of classical physics do not apply at subatomic scales, and it is
guantum mechanics that best predicts the behaviour of subatomic particles. Unlike classic
physics, quantum mechanics is not deterministic but rather governed by ptieisadmid
distributions. In this way, a phenomenon caltednel effecis predicted by quantum
mechanics, which states that the potential energy of the nuclei does not necessarily have
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to overcome the Coulomb potential. Instead, there is a certain drgbtiat a fraction

of the nuclei will tunnel through it before reaching the necessary distance from each other.
This makes fusion slightly more feasible, but still requires substantial energy for the
nuclei to get close enough.

In the Sun, where fusioreactions power the energy we perceive as light and heat, the
immense gravitational forces play a critical role in enabling fusion. These forces compress
the solar core to extremely high pressures and densities, creating conditions where
temperatures reacpproximately 15 milliorkK [23]. At such extreme temperaturasd
densitiesthe fusion reactants exist in a state of plaghefpurth state of matter. Plasma

is essentially a highly ionized gasth very low density, wheratoms have been stripped

of their electrons, leaving behind axtuire of free electrons and positive nuclaithese
conditions, quantum tunneling allows a fraction of the nuclei to overcoen€dhblomb
barrier, enabling fusion reactions to occur despite the strong electrostatic repulsion
between themOn Earth, by contrast, gravitational confinement is not feasible. Instead,
plasmas used for fusion must achiexgngicantly higher temperaturdeften exceeding

100 millionK) because the densities in experimental fusion devices are much lower than
those in the core of the Sun.

For fusion to take place, the parent nuclei must aldgth enough kinetic energy to
tunnel through their repulsive Coulomb barrier, allowing the attractive nuclear force to
take over and cause the nuclei to fuse. pitedbability of this event is quantifiey the
fusion cross section, , which represents the rate at which a givenofuseaction
occurs This cross section varies with the kinetic energy of the interacting particles,
reflecting how the probability of fusion increases with their speed.

The curves of the most promising fusion reactions previously mentioned are shown in
Fig. 1.3(b) [24], displaying their cross sections as a function of deuteron (deuteron)
energies. Notably, the-ID reaction reaches its maximum at much lower energies than the
others. This makes -0 by far the most favourable reaction for terrestrial reactor
conditions, since it achieves high fusion probability at tempesstuhat are
technologically accessible, unlike the other fuel cycles. For this reasdnjsDthe
selected fuel for firsgeneration nuclear fusion reactors. Beyond this, tHie Baction

also provides a substantial energy yield, releasing 14.1 MeV ascaferated neutron.
Moreover, deuterium makes up approximately 0.0035% of Earth's hydrogen isotopes, and
it can be easily extracted from seawater, where its concentration is around®3Btgm
process is relatively simple, through chemical enrichmentdsstdlation, making it a
highly available raw materiaRf.

On the other hand, tritium is extremely rare in nature due to its radioactive instability and
is not readily available like deuterium. Tritiwmdergoe$®' decay, emitting a low energy
electron that cannot penetrate human skin, but it can pose a signifeslth risk if
inhaled or ingested, especially in the form of tritiated wa®&. [Furthermore, the
relatively short haHife of tritium, only 12.32 years, mak it a manageable concern in
the long term. Today, small amounts of tritium are produced in deutemanium fission
reactors of the CANDU typeFJ], but this sarce is insufficienfor the operation of future
fusion power plants.
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Therefore, it is planned to breed tritium within the fusion reactor itself throagtron

lithium reactions effectively making lithium the primary raw material neededriGum
production in firstgeneration fusion reactods. addition, sinceritium is produced inside

the reactor aa rateapproximatelycomparable to its consumptiothe total amount of
tritium within the reactor remains limited, minimigy the risk tothe external
environmentHowever, tritium production is not exactly balanced with consumption on

a oneto-one basis; neutron multiplication strategies are implemented to ensure a positive
breeding margin. These aspects are futhers cus s e d.2% n secti on

Lithium is an alkalimetal that makes up about 0.00®f Earth's crust, predonantly in

the forms ofLi (7.42% naural abundance) arfdli (92.58% natural abundang¢28]. In

future fusion reactors, tritium will be produced within a breeding blanket that lines the
reactorods i nner wa ldl lithium, With capturebthe ahigldnergy, cont a
neutrons from the & fusion reaction, initiating the following reactions to generate

tritium:

SLi+n ©  “He+3H +  4.8MeV (1.6)
Li+n O ‘He+°H +n - 25MeV 1.7

The reaction wittPLi is more likely to occur with slow neutrons and is exothermic,
releasing 4.81eV, whereas the reaction withi is endothermic, requires fast neutrons,

and absorbs 2.5 MeV. Rhermore, the neutron produced in the reaction Wittcan
subsequently react witPLi, further contributing to tritium productionwith global
reserves estimated at 22 million tonn29][its demand has surged in recgaars due to

the widespread use of lithium batteries and the growing shift toward electric vehicles.
Despite this rising demand, current estimates suggest that Earth's lithium deposits are vast
enough to support tritium production for several hundreddn ¢housands of yedr30].

It is estimated that 1 kg of Li will produce *18J of electricity 22].

The overall fusion reaction, using deuterium and lithium as basic, isethown in

Fig. 1.4 [22]. The goal of a future controlled thermonuclear fusion plant is to achieve a
D-T plasma that can sash itself through the energy provided by the helium nuclei (or
alpha particles) produced in the reactiongheut needing external sourcésthis is

known as ignition. To achieve this, a sufficient concentration of nuclei must be
maintained in the volumso that they collide frequently enough, resulting in a rate of
reactions that allows the generated alpha particles to keep the plasma temperature around
100 million degrees. Moreover, the volume where the reactions occur must be well
insulated from the dside; otherwise, the heat produced in the plasma will not be enough

to cover heat losses, leading to plasma extinction.

The energetic neutron produced in thd Peaction presents a significant challenge in the

design of fusion reactors, as it ceadiologically activate the surrounding structural

materials of the fusion device To address this issue, reduesttivation
ferritic/ martensitic (RAFM) steels, such as
half-lives of the radioactive isotopes gestexd from these materials are considerably

shorter than those found in the radioactive wasteiofear fission plants[l]. These and
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other materialelated issuessuch as mechanical degradation and swelling under

Figure 1.4 The overall fusion reaction. The basic fuels are deuterium and lithium; tritium is obtained
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1.2.3. Plasma confinementand energy balance

Plasma confinement refers to the containment of an ionised gas under the extreme
conditions required for nuclear fusion. This occurs naturally in stars, where gravity acts
as theconfining force effectively making them gravitational confinement fusion reactors.

On Earth, two main approaches are being developed: magnetic confinement, where
charged particles are constrained by strong magnetic fields (as in tokamaks and
stellarators) and inertial confinement, which relies on rapidly compressing small fuel
pellets using powerful lasers or particle beams. These methods aim to replicate the
conditions undewhich fusion reactions can occur and be sustained.

n

det ai

“He nuclei will be the main internakating source for the plasma heating.

It has been stated that extrely high temperatures must be applied to the fuel parent
nuclei to induce fusio(Fig. 1.3(b)). The conditions must ensure not only efficient plasma
heating and selnaintenancéut also prevent heat loss and plasma contamination caused
by the erosion of reactor nterials. The energy balance is therefgmsernedby the
combined effect of externglasma heatingystemsinternalheating by alpha particles,
and energy losses through radiation and transport phenoieth@ DT reaction, he

total energy produced is sharbéeétween théHe nuclei(alpha particles)which carry
D19.9%of the output energygndthe resulting neutron. To ensure seldintenance, the

n

For a fusion reactor to be economically viable, the energy output from fusion must exceed
the enegy input required to sustain the reactions. This relationship is described by the

fusion energy gain facto@, which must be greater than unity to ensure a positive power

gain. The conditior® > 1 is met when the fraction of fusion power carried byatlbba
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particlesi s gr eater than the plasmabdés energy |
collisions between helium nuclei in the plasma occur frequently enough to sustain the
plasma temperature, making it theoretically possible to switch off the exteratihg

systems. This state is known as ignition.

Pl asmads energy |l osses af28d: inevitable due

I Plasma confinement is not perfect, hepa#icles and heat diffuse from the centre
of the plasma outwards.

il. The plasma also loses heat through radiation, incluBiggmsstrahlungrom
eledron+ion collisions and synchrotron radiation from the acceleration of charged
particles in magnetic fields.

iii. The reactor materials closest to the plasaraexposed to a highly damaging
environment, leading to the emission of impurities that can contaamthat
plasma and potentially caaim sudden loss of confinement (event known as a
disruption).

To account for these losses and achi@ve 1, Lawsonestablishedhis criteria in 1957

[32], whichdescribes the relationship betweenic densityn, (plasma density, assuming

that densities of deuterium and tritium nuclei are eqaiat)confinement timet , the

latter being influenced also by temperature. At energies on the ordekefMQ L awsonods
criterion states that the product of partidiensty and confinement timenust exceed a

certain value:

E O pmiM (1.8)

The energy produced in the system is related to the number of collisions between
particles, and thus to the ionic density. However, excessively high densities can lead to
significant Bremsstrahlung losses, which means that a ldensity plasmai
approximately a million times lower than diris required. The confinement time is
defined as the length of time for which particles are confined within the plasma
representing the average time it takes doergy to escape from the plasma once the
external heating systems are turned WfEhould not be confused with the length of a
plasmapulse during reactor operatioas many particles will be drawn into, circulated
within, and then escape from the i@ during a single pulsBue to the significant
dependencef confinement timen temgraturejt was necessary to modify the criterion

by including this parameteresulting in the sgalledtriple product[33]:

£OF JY op mi JQQam (1.9)

With temperature expressed in itsri@sponding energy units (keM),is essential to
maintain a plasma that is sufficiently h@),(denserf), and effectively confineah order
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to generate energy from fusion reactiohBe twoconfinementapproachegreviously
introducedi magnetic and inertial confinemeichieve this balance in fundamentally
different ways:magnetic confinement operates at relatively low densities with long
confinement times, whereasertial confinementelies onextremely highdensities over
very short confinement times

In inertial confinementsmall amourd of fuel (typically deuterium and tritiumare
encapsulateih millimetre-sized pellets. By applying an extremely intense and evenly
distributed external energy source, suah lasers, the fuel is compressed until its
temperature reaches the necessary levels to satisfy the Lawson c(it@ing®: m3; t

D 10° s). This process ensures that the fuel is fully burned, allowing the generation of
more fusion power thatihe energy injected by the heat soutne€2022, for the first time

in history, apart from thermonuclear fusiaapons, a fusion process with an energy
gain factor ofQ > 1 was experimentally realize@egardless the plant and system
consumption)[34]. However, despite the significant scientific advancements it has
brought, viable fusion reactor concepts basedertial confinement are just beginning
to take shape3f.

Magnetic confinement, on the other hand, employs magnetic fields to guide the
movement of charged @ma particles in helical paths along closed field lines. In this
way, the plasma particles are confinedthin a limited sptial region, featuring
significantly lowerionic densitythanthat of inertial confinementr( D 10?° m3) but
allowing forlonger confinemertimes(t D 1 s) to achieve a reasonablenber of fusion
reactions. Despite the fact that magnetic confinement presents many challenges, the first
grid-connected fusion power plants will most likely be based on this technology, as
evidenced by international collaborations such as the ITiBrfiational Thermonuclear
Experimental Reactdrin France, where construction and installation are already
underway with initial results anticipated in the 20884§].

1.2.4. Magnetic confinement

Due to the extremely high temperatumegolved infusion plasmasgirect contact with

the reactor walls must be strictly avoided. Natyowould the materials be unable to
withstand such thermal loads, but even brief contact would cause the plasma to cool below
fusionrelevant temperature§.o address h issues associated with the plasnal
interactionsthe magnetic confinement is pased. Its approach relies the principle

that a charged particle in a uniform magnetic field experiences a force in the transverse
direction(® n @ &, the socalled Lorenz forcd while simultaneously moving

along the magnetic fielthes. Thesewo motions combineach otheto produce a helical

or spiral path as the patrticle travels along the magnetic field lines

As one can notice frorRig. 1.5(a), different orbitsarefollowed by ions and electrons
The transverseadius of this helical orbit is known as tharmor radiusy . (also called
the gyro radiusor cyclotron radiu$ and depends on the charge, mass, velocity of the
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particle, as well as th&trength of the magnetic fieltkolating the plasma from the walls
can be accomplished if the ratio of th@rmor radiusto the plasma radius is quite small,
a feature that can @ehieved by large values of the magnetic figld a0 1 § [37].

Magnetic confinement systems can be classified as open or closed. In an open system, the
plasma is confined by bouncing back and forth between the cwaeming coils, a
configuration ofen referred to as a magnetic mirror (Fig5(b)). However, in this
arrangement, particles with velocities parallel to the axis of the magnetic mirror can
escape th system, leading to significant plasma losses. Despite its simplicity, the
magnetic mirror has not demonstrated sufficient plasma confinement to be viable for
energy production in fusion power plants, though it may have potential applications as a
driven plasma source of neutronBo address the issue of axial losses, a solution is to
bend the magnetic field lines into a toroidal shape, forming a closed system where the
plasma remains contained within a Aslgaped space. The first substantial moves taward
this configuration are attributed to the English physicists George Thomson and Moses
Blackman. In 1946, they registered a patequickly classified as secretdescribing a
doughnutshaped vessel, aorus specifically designed to confine charged plas
particles R2].

a)

Ton orbit

Magnetic |
field ines [\ 1 |

T i Magnetic field lines

Figure 1.5 (a) Charged particlanotion in a magnetic field3[7]. (b) Open confinement magnetic system
(Magnetic mirror) B7].

However, even in a closed system, particles can leak out of the confining magnetic field
due to randonwalk Coulomb collisions. The leakage rate is proportional to the square of
theLarmor radius meaning that stronger magnetic fields can help reduceltssss by
minimising this parameterThus, intense magnetic fields can isolate the hot plasma from
the reactor walls and inhibit the diffusion of particles and energy out of the plasma caused
by collisions. In addition to this collisional diffusion, pahti losses can occur due to
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various drifts that arise from the inhomogeneity of magnetic andrieléields. These
include thé®@ @drift, polarization drift, GraeB drift, and curvature drift33].

Such drifts can cause the guiding centof paticles to move perpendicular to the
magnetic field lines, leading to potential losses from the confined plasma r&gjon [
Achieving stable confinement requires carefully designed magnetic fields that can
counterbalance these drifts and keep the plasma particles within the desired region,
minimising the escapeate. Two closed designs have proved particularly effective in
maintainingthe plasma confinement for relatively long periods while also addressing the
challenges posed by particle drift: the tokamak and the stellarator. Illustrations of the
electromagneti coil systems and induced magnetic fields of both devices are shown in
Fig. 1.6 [39]. A quick glance at the magnetic field coils is all it takes to see the significant
differences betwen them.

Tokamak Stellarator
Transformer coils

Plasma current Toroidal field coils
Plasma Magnetic field lines

Magnetic field lines Magnetic field coils

Figure 1.6 Magnetic field coils and plasma configurations in a tokamak (left) and a stellarator (Fjt)

In a tokamak reactor, two main magnetic fields work together to confine the plasma: the
toroidal field and the poloidal field. The toroidal field is generated by toroidal coils wound
around the outer walls of the torus, producing magnetic field linesuhatround the

torus in the perpendicular direction to the coils. The poloidal magnetic field, on the other
hand, is created by thasma current induced through a transformer coil located in the
centre of the torus, as shown in Fig(a). The interaction between these fields results in
helical magnetic field lines that spiral around the plasma column along closed magnetic
surfaces. Additionally, the plasma curret only generates the poloidal field but also
creates ginch effect exerting an inward forcéhat compresses the plasma, thereby
reducing the.armor radiusof the charged particles and enhancing confinerjriht

Earlier magnetic confinement devices, suchgsiZ n ¢ h-pirecmreactafs, relied solely
on the seHgenerated magnetic field produced by a large current passing through the
plasma. In toroidal variants like the ZETA machirger@ Energy Thermonuclear
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Assemblyin the UK or the Perhapstron in the US, this pinch effect was applied in a
toroidal geometry without the stabilizing contribution of strong external toroidal fields.
However, these devices suffered from severe plasma instabilities and poor confinement.
In contrast, tokamaks introduce a dominant external toroidal field (typically an order of
magnitude stronger than the poloidal component) that significantly improvegystapi
suppressing certain classes of instabilities and better presereisgdpe of the plasma
column[22, 33].

From a practical standpoint, maintaining the plasma current in a tokamak requires
ramping up the transformer field periodically. This leads to a pulsed mode of operation,
as the transformer must be discharge@raéach ramqup phase before it can be-re
powered. To regulate the position astthpe of the plasma current, a third set of coils,
called the poloidal field coils, is used (see Hig(a)). This additional coil system is
essential for controlling the plasma shape, allowing it to take Dsslkaaped geometry,
which minimises stress on the toroidal field coils along the inner sidieftoroidal
curvature. Furthermore, this configuration also aids in diverting impurity particles away
from the plasma in a controlled direction, helping maintain plasma purity and stability
during operation33).

Conversely, the stellarator concept generates the madieddidines entirely through
externaltoroidal coils, creating a twisted and strong magnetic structure that confines the
charged plasma particles without the need for plasma cudavsver, a purely toroidal

field cannot provide the necessary balance against particle losseteampthsma’s
tendencyto expand To achieve this, the field lines are carefully twisted to encircle both
the inner and outer edges of the plasma. This intricate arrangement, reflected in the
sophisticated desigaf modern stellarator coils, produces the unique twisted magnetic
fields shown irFig. 1.6(b).

Since the twisted magnetic field required for plasma confinement in a stellarator is
generated solely by these externally arrangednetag coils, it does not depend on a
transformetinduced plasma current and can, in principle, operate in a continuous steady
state mode of plasma confinement. As a result, stellarators avoid ednikamt plasma
instabilities, eliminating the need f@asma currenstabilizing systemsThis design
provides greater flexibility in shaping the plasma ring, allowing for optimized plasma
properties, which is especially advantageous for fusion reactor applications

1.2.5. Fusion development through magnetic comiement

In the 1950s and 1960during the height of the Cold Wdusion research saw a period

of intense development. Despite the general secrecy surrounding nuclear fusion research,
several prominent voices advocated for open aldlmorative scientifi efforts This
openness gained momentum through two pivotal conferences; the first, held in Geneva in
1958, and a second in 1968, in the Siberian city of Novosibirsk. EHwesgsallowed
scientists from both sides of the political divide to share ide&egnize that similar
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researclpaths had been pursued with comparable findings, and ultimately realize that
collaborative research would be essential to achieve operational fusion reactors on Earth.

The 1968 Novosibirsk conference was especially sigmifjcas it led to a unanimous
agreement on the superior practicality of the tokamak design over other closed design
options, such as toroidginches or stellarats. Tokamaks offered a simpler amdre
achievable path towards sustained plasma confinentaiie wther configurations were
proving exceedingly complex. For instansllarators, like tokamaks, rely on a strong
toroidal field to help stabilize the plasma. But because they do not generate plasma
currents, stellarators require additional compberemnal coils to create the poloidal field.
These coils are both costly and requiighly precise alignment, which has beemajor

factor in tokamaks becoming the more prevalent design, as they are generally simpler and
less expensive to construdfollowing this conference, a British scientific team was
invited to Moscow the following year to directly measure the high plasma temperatures
achieved in tokamaks using a new lalsased techniqu§40-42]. The results, once
published, dispelled any remaining doubts, prompting the United States, Europe, and
Japan to pivot tir research focus towastbkamak development.

Since then, multiple modifications and improvements have been incorporated into the
tokamak design to address ngwdiscovered plasma instabilitiesand optimize
confinementIn addition, instrumentation for the diagnostic analyses of the plasma and
other components have been enhanced to withstanddfeasingly extreme conditions
encountered in eaalew experiment. In this wapyrogresdedto theconstruction of the
largestoperational tokamak tdate the Joint European TorugJET) (Fig. 1.7(a) [43]),
located at the Culham Centre for Fusion Energy in Oxfordshire, UK.

; \\‘\.\"-'.?
B = |l
a) JET b) ITER ¢) DEMO
Q=067 Q=10 Q=25
Pi. = 11.8 MW Py, = 5000 MW Pi. =2 GW

Figure 1.7 Magnetic confinemertased experimental nuclear fusion devices: (a) the Joint European
Torus,JET[43], (b) the International Thermonuclear Experimental Reactor, ITER, (c) the European
DEMOnstration Power Plant, DEMO5B]. *ITER and DEMO are shown with a reduced scale to fit
alongside JET.
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JET was operated with a deuterttrtium fuel mixture, with a plasma volume gf= 80

m® and a major plasma radiusRf = 2.96 m. It began operation in 1989 and achieved a

fusion energy gain factor @ = 0.67 in 1997, which was recorded as the highest fusion

energy gain of any magnetic confinement fusion device to date. In late 2021,tHT se

new record for the highest fusion power produced, readhisg 11.8 MW (59 MJ over

a five-second period), more than doubling the previous record from 24P The results

were announced publicly in February 2022 via press conferdifeThese ground
breaking experiments wer e tidtogy,whichoficiallyc hapt er
came to a close in 2023, concluding a remarkable era of contributions to fusion research.

Building on the successes and insights gained from JET, the international community
embarked on an even more ambitious projebe International Thermonuclear
Experimental Reactor(ITER), a largescale experimental tokamakesigned to
demonstrate the feiagdity of fusion as a practicaénergy sourcg46] (for a visual
comparisorof therelative sizesseerig. 1.7(b) [47], in which ITER is shown at a smaller
scale in order to fit alongside JET, therdbghlighting the stark size differencelhe
knowl edge integrated into I TEROGSsS design, F
valuable insights from major tokamaks such asltiieamak Fusion Test Reac(diFTR)

in the United States arttie Japanese TomaldT-60). Both devices, along with other
experiments, advanced our understanding of plasma behaganfinement methods,

and the resilience of materials and comgrats under extreme conditions.

Further contributions also come from stellarator experimentsh s theTJIl at

CIEMAT [48] in Madrid, Spain, and thé/endelstein -X [49] in Greifswald, Germany

the latter being the largest stellarator ever constructed. These experiments have broadened

the scope of plasma physics and fusion technology, informiiitR's pionering

approach to generating sustained fusion endEgysequently, while ITER stands as the

flagship projectof its kind, additional nexggeneration tokaaks like the American

SPARC B0, the IndianSST-2 [51], and the Chines€FETR [52] are also being

developed. These projects, each with unique objectamsto achieve fusion gain (Q >

1) and complement | TEROGS mission by refinin
collective understanding of fusion.

Under construction in Cadarache (Fran€EER will have a designed plasma volume of

V = 840 nt and a major plasma radius Rf = 6.2 m, aimingo achieve a fusion energy

gain factor as high a® = 10 andto maintain gplasma pulse for up to 8 miit. will

initially operatewith deuteriumdeuterium plasmas, with the first deuterintium
plasmas lanned by the end of the 203(86]. As a nexigeneration tokamak, ITER
introduces a series of pioneering components and systems crucial for sustained fusion
operation. To ensure optimal performance of its superconducting electromagnets, ITER
requires an extensive vacuum cryogiatmarily constructeaf stainless steéb maintain
cryogenic temperatures across the entire sgdtem. The enhancedeutral Beam
Injector (NBI) isdesigned to increase neutralization efficiency using negativevidris,

tritium breeding technologies, which will be evaluated through the ITER Test Blanket
Module (TBM) programmeaimto advance sei$ufficiency in tritium productionThese

and other innovations, including gyrotrons for Electron Cyclotron Resonance Heating
(ECRH) and diagnostic systems like the Wide Angle Viewing System (WAVS), highlight
ITER's pivotal role in paving the way for the commercial viability of fusion energy
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In 2014, as a legacy of the previous European Fusion Development Agreement (EFDA),

the European Consortium for the Development of Fusion Energy, EUROfusion, was born.

It includes all the fusion research bodies from European Union member states, ttssuppor

and funds fusion research activities on be
programmeThe last version of the EUROfusion Roadmap towards fusion electricity was
published in 201853]. It describes a strategy lying on three mallags:

U ITER, as a tokamak that will demonstrate the scientific and technological feasibility
of fusion as an energy source

U Thelnternational Fusion Material&rradiation Facility (IFMIF), which includes two
lighter variants (the decision remains open betweerD&ERIO Oriented Neutron
Source(IFMIF-DONES) in Spain or th&dvanced Fusion Neutron Sour@e-FNS)
in Japan), will play a crucial role in conductingalation studies up to at least 50
dpa (displacement per atom, a measure of radiation damage in a material that indicates
its structural integrity and radiation tolerance) with a fusik@ neutron spectrum to
validate reference structural materials alasmafacing materials.

U Inthe longterm, design and construEuropearDEMOnstration fusion power plant
(EU-DEMO) capable of generating hundreds of MW of electricity for extended
periods, with a closed fuel cycle and featuttest could be extrapolated early
commercial fusion power plantsor simplicity, this design will be referred to as
DEMO throughout the follwing sections.

The primary goal of DEMO, which is already in a relatively advanced stage of conceptual
design b4, 55], is to demonstrate stable power getierafrom a nuclear fusion device

The engineering design phase is anticipated to commence in the 2030s and will be
informedby insights gained from th@ ER deuteriurrtritium operational phase and the
sulsequent TBMprogramme %6, 57]. A 3D model of the 2017 DEMO degi is
illustrated in Fig 1.7(c) [58]. It is beingdesign for a plasma volume¥fa 2 50aAd m
amajor radius odRyd 9 andngims to achieM@a  ansl plasma pulses for longer than

two hours.

DEMO is planned to operate in two phasaflowing for incremental testing and

integration of advanced technologies to prepare for commercial fusion p&ghts

Initially, DEMO willusea fist arter 0 bl atrudtuees, a conservativE20r of er 6
dpadamage limit, and possibly one backup concept. In a second phase, more optimized
blankets with a target of 50 dpa and potentially enhanced structural materials will be
implemented, based on data frédfMIF-DONES and other sources. A critical aspect of

DEMOG6s design is the implementation of advan
for achieving tritium sefsufficiency. As detailed in sectidh?2.2 SLi and ‘Li produce

tritium via nuclearreactionswith neutrons.
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However, not all fusion neutrons contribute to tritium breeding, as some are lost due to
parasitic absorption or escape from the blanket sys&Jin To ensure tritium self
sufficiency and account for these losses,Ttheum BreedingRatio (TBR) must exceed
unity. In practice, values above 1.15 are typically required to compensateiamar
losses and to build a sufficient tritium inventory for startup and future rezm¢oation:

01 "QOuROFHQ (1.10)
51 Qockpoiae 22V

Yo "k

To compensate for these losses and reach the required bré&ling blankets must
incorporate neutron multiplier materials, which enhance the number of neutrons available
for trittum-generating reactions with lithium isotopes. Among the most studied options
are beryllium and lead, which are capable of releasing than one neutron per incident

fast neutron. Their relatively high cross sections at fusitgvant energies make them
particularly attractive for this role.

As reviewel by Hernandez and Pereslavt§g9], beryllium has long been the reference
material for solid neutron multipliers, while lead is typically considered in liquid eutectic
mixtures such ad.ii7Pkss, providing both breeding and multiplication capabilities.
However, concerns related to tritiumtention, chemical reactivity, and dust generation
have driven the development of advanced alternatives. In particular, beryitamum
intermetallcs, such as TiBe, represent a promising alternative for use in solid breeder
blankets, offering improwk dimensional stability and lower tritium inventory, as
discwssed by Vladimirov et aJ60].

DEMO is expected to be the first thermonuclear fusion reactor thgtatés all essential
tokamak components and supporting systems requiredyfta-aonnected fusion power
plant, as illustrated iRig. 1.8 [61]. Several key Missions are included in the EUROfusion
Roadmap to achieve this goal and ensure theciooperation of the different subsystems
employed. Among them, the materialsallenge stands out as a central priority of the
roadmap.
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Figure 1.8 Schematic of DEMO, indicating key components for-gadnected power generatip@l].

1.2.6. The materials challenge fornuclear fusion

Within the context offusion energy development, the materials challenge for DEMO
highlights the imperative to ensure that structural and High Heat Flux (HHF) materials
meet rigorous performance standards through activities that include the development,
qualification and valid@on of materials that can tolerate neutron dgeni@vels between

20 and 50 dpa. When considering the extended operational lifdsgtdhese materials

must support with minimal performance degradation, the challenge becomes particularly
demanding. Whilghe development of functional materials to meet the requirements of
heating and diagnostic systems is also included in the material research outlined in the
roadmap, their scope is beyond that of this dissertation, and will not be described in this
section In the context of structural materials and HHF components, three baseline
candi dates are considered for t heir respec
material for blankets and divertor cassette structures; tun@afinas plasma facing
armourmaterial;and coppechromiumzirconium (CuCrZr) for divertor heat sink.

To support the discussion of materials in fusion reactors, and to clarify references to
specific components, Fid.9 [62] provides two schematic views of ITER showing their
configuration and relative placement. Fi§9(a) [62] offers an external overview
highlighting the central solersi toroidal and poloidal field coils, cryostat, vacuum
vessel, divertor and shielding blanket, whose outermost layer is referred to as the First
Wall (FW). Fig.1.9(b) [62] presents a poloidal crosgction where the vacuum vessel,
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blanket, divertor, magnetic coils are indicatédthough the focus of this section is on
DEMO, ITER is used here as a visual refere due to the absence of a definitive DEMO
configuration. As many of the fundamental componéngsich as the vacuum vessel,
blanket, first wall and divertarare conceptually shared between ITER and DEMO, these
diagrams serve to illustrate this genesmtangement and function to support the
upcoming discussion on materials selection and qualification.

a)

Central Solenoid Cryostat

Thermal Shield

3 : Vacuum Vessel
Correction Coil

Poloidal Field
Coils Shielding Blanket/
4 First Wall
4"\ Sl ¥—Cryopump
Toroidal Field T
Coil

Magnet Feeder

Central Solenoid

b)

Divertor

Toroidal Field Coil

Figure 1.9 (a) External schematic view of ITER showihg tmain systems anemponents §2]; (b)
Poloidal crosssection of ITER highlighting the internal layout, where the vacuum vessel, shielding blanket,
first wall, divertor, and magnetic coils car ldistinguished§2].
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To complement this overview, and to provide context for the initial material testing
expected iINTER, Fig.1.10[63] shows the designated locations of Test Blanket Modules
(TBMSs) inside the vacuum vessel. These moduidsich will operate during the D

phase of ITER as previously mentioned, are designed to test breeding blanket concepts
under relevant fusion conditions. While their internal structure and functionality fall
outside the scope of this dissertation, this schematic helps to illustrate their integration
within the reactor environment.

For the construction of | T BMRx naust the sDiIEIW O, AFC
followed (AFCENT the regulatory body in France that dengd construction codes for

the design, manufacturing and monitoring of nuclear facilities and their components).
This code specifically requires a full qualification of the materials used, covering both
unirradiated and neutreirradiated properties. Howey, there are currently no neutron
sources capable of providing a flux spectrum equivalent to that of fusion neutrons, so
extrapolations are required from irradiation data obtained in Materials Test Reactors
(MTRSs), fission reactors, or ion irradiation il#ees. It is at this point that neutron
irradiation facilities like IFMIFDONES will play a crucial role, providing neutron flux
spectrum similar to that of fusion. This advancement will allow researchers to investigate
the behaviour of candidate matésianore accurately and to complete their qualification
under fusiorrelevant conditions.

Opening in for

each TBM
~1.75 x 0.5 m?
TBM Shield
Steel frame
TBM TBM-Set ~ 20 cm thick

Figure 1.10 Schematic view of a Test Blanket Module (TBM) as proposed for integration into ITER. The
TBM programme aims to test tritium breeding module concepts under -fiedéant conditions, as a
critical step toward achieving fuel sdtifficiency in future reaots such a®EMO [63].

In DEMO, operational and technical challenges are expected to become even more
complex compared to those of ITER. As mentioned before, DEMO will operate in two
phases that can be distinguished in terms of the irradiation damage levels expected for the
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structural materials used for the fusion FW and blanket (often referred to as FW/B): a

starter blanket phase up to 20 dpa (20 dpa corresponds to around 2 full power DEMO

years H3]) and a second blanket phase that will re&bhdpa. This is a substantial

difference from the initial tests that will be performed in the ITER TBM programme,

where the dostemperature range mmore limited D 2.53 dpa,D 300 C) . For a fut
full power generating fusion reactor, the esfeife doses are in the range Df150-200

dpa, over a wide temperature rang4 p5]. These data are summarised in Bid.1[54,

66.
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Figure 1.11 Operating temperatures and neutron dose regimes of fusion first wall and blanket (FW/B) steel
structures in differenfusion reactor concepts. The ITER TBM and DEMO conditions have been retrieved
from [54, 66]. Conditions for a fusion power plant are retrieved frod,[65].

The divertor, already introduced in the previous figures, is a critical component shared by
both ITER and DEMO. Located at the bottom of the vacuum vessel, its role is to extract
heatand ash produced by the fusion reactiongjimise plasma contamination and
protect the surroundingtructures from thermal and neutron loads. The ITER divertor
consists of 54 cassette assemblies (EitR(a) [67]) supported by an austenitic stainless

steel structure, and includes three Plasma Facing Components (PFCs): the inner and outer
vertical targets and the dome. PFCs are primarily composeahgs$ten as the armour
material, underlain by a CuCrZr heat sink an@®any g lereeHi gQonductivity copper
(Cu-OFHC) interlayer for thermal and structural supp68.[

The basic components of the ITER divertor are schematically shown ih E) [69].

Fig. 1.12(c) displays an inner vertical target produced as part of a manufacturing
gualification program 10]. The cassette assemblies also host a number of dtagnos
components for plasma control and physics evaluation and optimization. The inner and
outer vertical targets are positioned at the intersection of magnetic field lines where
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particle bombardment will be particularly intense in ITER, as illustratecdyirilAi3[71].
The heat generated by these parsisigpacting on the vertical targets is actively removed
by a coolant system.

——

AL b

i ‘P*m"(ﬂm‘:‘ 1 -
-

Inner and Outer Vertical
Target (IVT and OVT)

umbrella

Figure 1.12 (a) Size comparatve e pr esent ati on of the | TER7.¢d) vertoros
Basic components of the ITER divertoGluding cassette body, vertical targets, and dof8. [(c) Full-

scale prototype of the inner vertical target (highlighted in the schematic shown bottben right corner

of the image 70]).

The configuréion shown in Fig.1.13 corresponds to the typical magnetic topology near
the plasma edge in a diverted tokamak. The magnetic separattasftblwsed magnetic
flux surface LCFS) defines the boundary between the confined plasma asdrdpe

off layer (SOL), where ope magnetic field lines guideeat and particles toward the
divertor targets. These lines intersect the surface at-deélied strike points,
concentrating most of the exhausting power and particle flux.
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Figure 1.13 Schematiwiewof the magnetic configuration in a diverted tokarfak.

As menti oned bef-bRAEM) is the baseline EUROfision{ sBuetaral
materialselected to maintain the integrity and correct alignment of the reactor blankets
and divertor cssette structure, at least during the first phase of DEMO operation (up to
20 dpa). Reducedctivation ferritic/martensitic (RAFM) steels have been developed by
the fusion materials community for over 2 decad&l p6, 72] due to their better
thermophysical properties compared to3téL austenitic stainless ste@srrently used

for ITER.

In line with the vision of fusion as a clean energy source with minimal harmful radioactive
by-products, RAFM steels were originally derived from d@40 steels to facilitate
simplified waste management, such as shallow land Iburihe potential for material
recycling [73]. Ferritic steels can be relatively easily modified in terms of composition in
order to achieve lovactivation matedls from a waste management perspective.
Undesirable neutron activatigarone elements with long decay hides, such as Nb and

Mo, are replaced by metallurgically equivalent, relatively low activation elements, Ta and
W [74-7€]. In addition, the content of other elements such as Cu, Co, Al and Ni is strictly
limited to reduce the generation of high letegm radioactivity 77].

As illustrated in Fig.1.14 [78], a conservative estimate of the total radiotoxicity of
components in a RAFM stebhsed fusion reactor after shutdown is compared to that of
a seconeenerationPressurizedWater fission Reactor (PWR), aourth-generation
Molten Salt Fast Reactor (M&R), and the ash from a cei@ed power plant, all
normalized toan electrical output ol GWe. It becomesevident that the expected
radiotoxicity of a fusion reactor decreases bgveral orders of magnitude within
approximately a human éfime, eventually falling below tHevels associated with coal
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ash This greatly alleviates the need for letegm disposal strategies and significantly
reduces the radioactive legacy imposed on future generations.

1.00E+11
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Figure 1.14 Comparison of the time evolution of total radiotoxicity from different energy sources, including
a fusion reactor using RAFM steels, a GEN Il pressurized water reactor (PWR), a GEN IV molten salt fast
reactor (MSFR), and @ plant ash. The data are presented on a logarithmic scale and normalised to 1
GWe of electricaproduction [7§].

The approach to design RAFM steétsfocusedon achieving the desired material

properties through a tempered martensiticrostructure. This structu@mbines high

strength due to martensitic transformation into laths, with the addition of a highydensit

of precipitates,such as MsCs carbides and MX carbonitrides that render high
temperature strength and in turn act as a sink for point defects, thereby improving the
overall irradiation performanc&$-83]. To achieve this microstructure, a normalization
treatmentP9 80 t o 1150 C) f®rbowed@ by ggempeal hy
these steels. This allows carbon to be released from the supersaturated solid solution of

the martensitic matrix, facilitating the formation of carbides and simultaneously restoring

the bodycentred tetragonal structure, which enhances ductiiyd2, 84-86.

Significant progress has already been made in the qualification and validation of
Eur of er 69 7 -RCE codenqualfiedCGratirial in the unirradiated condition. For
various reasons, the qualification of materials under fustgvant conditions is begn
carried out through the Sm&lpecimenTest Technology (SSTT) programme, which is
part of the collaborative activities and tasks outlined in the EUROfusion Roadmap. In
particular, these reasons include teducedspace available in the irradiation moewlf

IFMIF facilities like DONES, the high complexity of achieving homogeneous neutron
fluxes of sufficient area and the high risks involved when manipulating activated
specimens, making it mandatory to reduce the amouattofated material (by testing
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small samples instead of standaide specimens)3[/-90]. Following this line, more
progress is expected over the next decades.

Based on the same philosophy as the ITER TBM, Jogickoncepts will be tested in the
initial DEMO phase to advance towards more robust RAFM steels, which are expected
to be available for operation ithe second phase of DEMO. Among the candidates,
RAFM-basedOxide Dispersion Strengthened (ODS) steels are being actively studied due
to their superior performance in terms of creep strength and high resistance to swelling
[65]. In addition to the lowactivation nature of these alloys, a key feature of this structural
material is the high density of nassed precipitates, achieved by mechanically alloying
the pre-alloyed powder of the metallic matrix with an optimal amount of yttrigOgY.
However, much work remains to be done to enable the production of this material at an
industrial scale, a challenge currently being addresg&dJROfusion through processes
such as the STARS @ute[9]] initiative.

Another major challenge for the realisation of fusion energy power panterns the
performance of the PFCs alreaislyroduced, which are located in the FW and divertor
and are directly exposed to the plasmbe interactiorbetween the edgglasma and

these components is acd point of fusion material research, siticeywill be subjected

to the major part oparticlebombardment and thermatergy arriving from the plasma

[92]. The key typesf PlasmaSurfacelnteractions (PSI) include material erosion, plasma
contamindéion, surface damage andtium fuel retention. Addressing these issues is
essential fothe safe and efficient use of PFCs for ITER and DEMO, both in terms of
lifetime and safety aspects. This also enables researchers to investigate the underlying
physic of PSI processes and improve predectivodels for these interactions.

Thereference material selected for the ITHRertor and FW is tungstegijving rise to

the concept ofull-W ITER divertorshown in Fig.1.12(b) [69]). This design consists of

cassette assemblies that areveely cooled and fitted with Wwhonoblocks, as exemplified

in the actual prototype of (tLh2&)[40nimtker Vv er t i
earlier stages of the projetipwever alternative strategies were considered for thé F
configuration.Specifically, he original approach for the main chamber involved starting

with beryllium-coated FW panels, with a later upgrade to-Wlcomponents for the D

T phasd93].

Therefore by adopting a fulW divertor from the outset, ITER avoids the need for this
expensive and technically challenging rpidject upgrade. The change was driven by
several advantageof W overBe, including its significantly higher melting point, lower
erosion rate, reduced tritium retention byd=gposition, and the elimination of complex
safety constraints associated with Be handIlBw.[However, the increased W surface
area poses challenges for plasma initiation and impurity control. To mitigate these risks,
the rebaseline includes the installation of a conventional boronization systkith

allows the deposition of thin boron layers on PFCs to improve plasmagtand reduce

W sputtering during the limiter phased].

The mockup units shownn  Flilg[95 illustrate the structural concept adopted for

the ITERIlike W monoblock. This desigraddresses theeht sink challenge by

i ncorporating a 1.5 mm thick CuCrZr pipe wi
in direct contact with the cooling wate&x. 1 mm t-puritge GFHGGu opterlayer
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is placed betweethe heat sink and the flock to mitigatehermal stresses and improve
heat transfer. This configuration senasthe reference concept for ITER targaty]
will henceforth be referred to as tieER-like W monoblock

W monoblock

OFHC-Cu

CuCrZr tube

Figure 1.15Mock-up units @veloped to validate the Wonoblock concep®p).

The plasmdacing materials and exhaust systems suitable for ITER have already been
developed, but their operation needs to be qualified. The selected cooling system operates
with forced #ngle-phase convection of turbulent water flow, and the heat transfer is
intensified by using inner finning and flow swirlin@g). The qualification programme
hascombined both HHF tests and NDestructive (ND) evaluation methods before and
after testing $3]. The performance of joining technologies has also lassassed.

HHF testing campaigns have been conducted to evaluate the behaviour of thepsock
s hown LIbunBer extreme thermal loads. These tests typigalolve stationary
loading cycles (10 s on/10 s off) at 10 MWror 5000 cycles, and at 20 MWhfor a
minimum of 300 cyclesd9], although a higher number oyaes are often performed.
Watercooled samples have successfully withstood loads up to 20 ®While helium
cooled specimens have endured thermal loads up to 10 ®{92h

However, it is a requirement for ITER to limit the heaixfvalue to no more than 20
MWm? in the most critical regions, since this value approaches the current technological
limit. To achieve this, several strategies are employed, one of which involves enhancing
radiative cooling through the s@mlleddetached regimdn this state, the plasnmear the

divertor plates cools down significantly, and a large fraction of the power carried by the
plasma is dissipated as radiation before reaching the surface. This ensures that the plasma
temperature remains below 1.16 x310 (10 eV), thereby proteicty the divertor
components from excessive thermal lo&ig.[
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An additional strategy involves the use of gas injection systems (GIS) to introduce
radiative impurites into the divertor plasma during heat flux peaks associated with
transient events, enhancing cooling and protecting the divertor comp@8ni&/hile

these saltions are effective for ITER, the conditions in DEMO will be even more
demanding, and new designs are being explored to manage broader plasma flows and
integrate innovative plasnfacing components. One approach under consideration
consists oextendinglhe divertor leg (the section responsible for guiding plasma exhaust)

to improve heat dissipation and facilitate plasma detachni®d}. [Another further
promising avenue involves the use of liquid metals, which offer superior heat absorption
capabilities, enabling the divertor to withstand higher thermal I[82197).

In addition, several benefits have been reported in terms of thermal fatigue resisthnce
cracking induced bplastic strain accumulatiomhen reducing the dimensions of the W
monoblock (especiallytheir width) [98]. Narrower monoblocksenhancethermal
conduction which ultimately reduces the maximum surface temperature reactued

cyclic HHF loading This, in turn, leasito lowerplastic strain accumulation in the OFHC

Cu interlayerthus extending h e ¢ o0 mp o n e nirhedFer thiese teasgng, emaller f e
W monoblocks comparkto ITER-like W monoblock concept (Fid..15) are currently
foreseerfor DEMO divertor targetsas illustratedn Fig. 1.16 [99] which compares the
technical drawings of both designs.

A key additionalaspect in the hedtansferconsideration for DEM@oncerns the choice

of heat sink materialé\s mentioned, the current W monoblock concepts includes CuCrZr
as baseline HHRaterial (Fig.1.15and Fig.1.16) [95, 101]. For DEMO, the intention to
maintain CuCrZr as the reference heat sink remains, due to its excellent thermal
conductivity and its status as one of the most optimal candidates in terms of mechanical
strength among theéligh Strength and High @hductivity HSHC) Cubased alloys
available (the reader is referred to sectid for a detailed understanding of the
acceptance criteria based on the thermal conductivithesfe HSHC Cibased alloys.)

[102.

Precipitatiorhardened CuCrZr has been used as structural material for actively cooled

PFCs for severalecades]03. However, RAFM steels are also being considered for
specific components such as t hof.Smédaatb si nk
ITER, a watetcooled target concept has been selected so far for the divertor PFC units

and cassette body, albeit with a simplified divertor geometry compared to ITER1Fig.

[104 illustrates the current European DEMO divertor concept, highlighting the

simplified W-shaped geontey and internal cooling structure. Alternative designs are

being also developed for the Japand€¥y| Korean [LO€, and North American107)

versions of the DEMOnstration Power Plant.
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Figure 1.16 Design comparison oV monobloclconceps with axial thicknesses ¢&) 4 mm and (b) 12
mm as considered for DEMO and ITHIRRe geometries, respectivel98].
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Figure 1.17 Schematic of the European DEMO divertor design, showing the simplifsthidéd geometry
and internal cooling channe[4.04].

The ®rvice temperature limits for CuCrZr under irradiation range between 150250

for the lower limit and 350C for the upper one 10§. The exact specification dhe

lower bound is determined based on the specific structural designed criterion applied.
When uniform elongation is employed as a criterion, the limit should be set to 250 °C,
whereas a 150 °C value should be used when total elongation is considerekoithe

of lower bound involves neutron irradiation effect (iietion embrittlement below
275°C) andcreep resistance considerations (further details can be found in s&é&tion
andin Fig. 2.27 and Fig.2.28). The allowable upper temperature limit is determined by
the unacceptable loss of tensteength of the structural heat sink matedia¢ to thermal
softeningand irradiation creefor long-term operation. In this context, the coolant
temperature plays a critical role in maint
also ensuring ophal cooling performance.

Design constraints for the coolant temperatiiegof in DEMO arise from threeritical

factors: froma cooling perspectivd,coo Should remin as low as possible to maxirais

the margin to the Critical Heat Flux (CHF) atttawi ng pi peds i nmer wal I
[109. Conversely, structural reliability demands that irradiated components operate
above thaeluctileto-br i ttl e transition temperature (DB-
recovery temperature of irradiated CuCrZr (230 °C [L10 111]), to maintain ductility.

The laterrequirement is groundednahe ability of CuCrZr to recover lattice defects
through thermal annealing at relatively low temperatures. Additiorth#yrjsk oferosion
corrosion on the inner wall of the pipe (particularly above 200 °C and when water
chemistry is not adequately controll¢tlO() is a design aset that must also be
considered.

Taking these constraints into accquamd assuming a safety factor of 1.4 (i.e., a 40%
margin) relative to the CHF of 45 MWfunder the applied high heat load of 20 Mk¥
in thermal equilibrium (pulse O 10 s), the

36



at the strike point of the target approximately 137 °@109. Therefore,the current
hydraulic parameters for the target coolant are set with an inlet temperature of 130 °C and
pressure of 5 MPa, an outlet temperature of 136 °C, and aupre®p of less than 1

MPa. These values correspond specifically to the strike poigireghere thermal loads

are most severe, and may differ from those used in other sections of the divertor or the
FW [109.

Under these restrictions, the expectechperatures of the CuCrZr cooling pipes at the
DEMO divertor during normal operation are in the rang&xif/250 to 350C, although
slow-transient events could lead to local overheating beyond the upper106jt [n

addition, several uncertainties or limitations in lifetime projections of the CuCrZr pipe

and Cu interlayer are present, mainly because of the thermal history of CuCrZr and the
loss of itsinitial yield strength by ageing under the letggm cycles. Moreover,
anticipated irradiation damage levels for the CuCrZr heat sink pipes are expected to be
significantly higher than those in ITER, owing to the longer operation times and increased
neutron flux. The maximum dose rate during a fptweryear (FPY) of operation is
estimated at 7.2 displacemt s per at om)foeCuCrZrRI00. (dpaAFPY

Because bthese reasons, EUROfusion is currently working with the aim of achieving
HHF targets capable of withstanding DEM&evant neutron irradiation conditions. All

of them consider a W monoblock as the baseline plasma faeitegial and an internally
swirled Cu-alloy pipe as heat sink material the divertor target desig(although
alternative geometries are also investigated like the hypervapotron geohERy |
representative images of this geometry can be found in s@€c8dnin Fig.2.30and Fig.

2.31. Various strategies are employed, including the thermal break interlayer concept,
which features bores or notches in theifterlaye at regions of peak heat flug13,

and pipe reinforcement using different types of\@ucomposite materials and novel
interlayer materialslf14, 115.

This doctoral research addresses this challenge from afastuming perspective,
focusing on the potential of additive manufacturing tetbgiesto fabricate CuCrZr
components. Additive manufacturing not only offers enhanced design flexibility but also
enables the production of complex geometries and tailoresbstiuctures, which could
significantly improve the performance and durability of HHF components under extreme
operating conditions.
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Chapter 2. State-of-the-art: The CuCrZr alloy and its additive

manufacturing

Chapter 2 reviews the developmen@ n d processing o f high
high conductivity (HSHC) copper based all oy
its emerging additivegmaanulbawctuanchegedroopes
thermal and electrical condivities (and correspading softness in its pure form) to the
developmento f precipitation hawhtle noatlledHagdthG al | oy
producesf i nely di spersed second phase precipit
while preserving ductiityThe trade offs of di fferent st
refinement, solid solution additions, and p
highlighting precipitation strengthening as the best way to balance strength and
conductivity in CuCrZ

Next, the chapter justifies the exclusive focus on CuCrZr by comparing its mechanical

and thermal performance against other Cu ba
toughness, low neutron agtition, and cost effectiveness#t then delves into the

conventional thermomechanical processing of the commercial CuCrl1Zr (UNS C18150)

alloy, how solution annealing, quenching, and precise ageing treatments develop the ideal

mi crostructure for high strength and condu:
el ectron microscopy observations, and mechal
rate, ageing time, and temperature govern grain size, precipitate evolution, and the onset

of overageing.

Building on this, the chapter describes the tighter compoalteomd impurity controls of

| TER gr adé-C&uwZr zdret ai |l i ng its solution anne:;
and the microstructural coarsegimduced by joining process&3omparative tensile and
hardness data confirm that, even in overaged condg#iq | TER grade mater

strength requirementsy h i | e c ol d vyietds further gamgyae thenegpense of
ductility.

Subsequently, additive manufacturing (AM)presentecds a solution to conventional

fabrication and joining drawbacks argtain growth, precipitate coalescence, and

wel d i ndu cAdtel suthmamang ESO/ASTM AM terminology, it surveys the
principal me t kefore faddsing antpewglded fusos (PBF). Key PBF
fundamentals, process parameters, and their influeneeapostructure are outlined, and

recent advances in | aser and el ectron bean
The chaptethen identifiegshe opportunities and challenges of Advid sets the stage for

the thesisds experitmenharlneasnsd AM dfed ri nfgu sifd o
components.

Finally, the <chapter presents a pdtrameter
introduces theTaylor factor (M) as a quantitative measure of anisotropy, linking the
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macroscopic tensile stress to tiréical resolved shear stress individual grains based

on their crystallographic orientatianshe underlying mathematical framework is then

outlined: starting fronthe external stress andastr tensorsyirtual work principleis used

to derive the factor that minings the sum of glide shears across the necessary active slip
systems in an FCC lattic€his parameterisation enables prediction of how build direction

and post processing treatments |i ke HIP al
thesisds experimental texture mechanics <cor
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2.1. High-Strength and High-Conductivity (HSHC) Cu-basedalloys

Throughout historycopper has played a central role in technological advancements due

to its outstanding electrical and thermal conductivity, making it an indispensable material

for power generation, heat exchangers, and advanced elestfbhg. The electrical
conductivity of metals is often expressed as a perceritaggeof the International

Annealed Copper Standard (IACS), which sets annegl@ copper (atroom
temperature, R)las the refeence with 100% IACS, corresponding to a conductivity of

58 MS/ m (or a r esi [d17i Mis standaa forovides @ 2iversalg L ¢ m)
benchmark for comparing the conductivity of other metals and alloys.

Pure coppealso offers an impressive thermal conductivity of 401 W/m-K af{ &/,
ensuring excellent heat dissipation and making it highly desirabletifemmal
management applicationslowever, pure annealed coppeypically exhibits coarse
grans (CG) and isnherently soft, with a yield streng{fYS) of only ~50 MPa and an
ultimate tensile strength (UTS) of around 190 MP&4, far below the UTS of typical
structural steels (40000 MPa). This makes pure Qmsuitable formostapplications
where mechanical strength and durability under stress are crigspecidy in
demanding environments involving high mechanical loads and thermal cycling, such as
fusion reactor components of HHF systdit30.

Even anaent civilizations recognized thenechanical limitations of pure Curhe
development of metal alloys marked the transition from the Copper Age to the Bronze
Age, when the first metallurgistiiscovered that alloying Cwith other elements, such

as Sn significantly improved its mechanical strength. This advancement enabled the
production of more durable tools and weapons, as well as materials suitable for structural
applications 11§. Since then, Calloys have continuously evolved to meet the growing
demands of technological progress, from ancient bronze artifactaotlern high
performancalloys used in advanced engineering.

In modern times hte need for materials that combine both high mechanical strength and
excellent thermal and electrical conductivity has drivendevelopment of Hightrength

and Hgh-conductivity (HSHC)Cuwbasedalloys. These alloys are specifically designed
for applicatons where the unique balance of these properties is crucial, stasias
reactors, HHFEomponents, power generation systems, and aerospace technd§ies
119 120. Unlike pureCu, HSHC Cu-basedalloys maintain good conductivity while
significantly improving mechanical performance, making them indispensable in
advanced engineering fields.

2.1.1. Strengthening mechanisms irCu-basedalloys

Achieving this delicate balance between streragiti conductivity in HSHC Cbased
alloys is no trivial task. While significant progress has been made, improving the
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mechanical strength ofubasedalloys inevitably introduces a traddéf with their
thermal and electrical conductivity. Strengthening mechanisms such as grain refinement,
solid solution strengthening, and precipitation hardening enhance mechanical
performance but also creattuctural featuresncluding grain boundaries, sdkiatoms,

and secongbhase precipitates, that scatter conduction electrons and phonons, increasing
resistivity and reducing conductivif16 119 121].

Among thesemechanisms gran refinement follows the weknown HallPetch
relationship, where decreasing grain size increases strength by obstructing dislocation
motion. However, excessive refinement introduces a high density of grain boundaries,
which act as scattering cees$ for conduction electrons,educing conductivity as
previously mentionedislocation strengthening, commonly achieved through cold work

or severe plastic deformation, enhances strength by increasing dislocation density,
although its effects are typicallyrited at elevated temperatufd1].

In addition,solid solution strengthening relies on the addition of alloying elements to the
Cu matrix, creatinglattice distortions that hinder dislocation movement. This method
effectively improves strength but also introduces a significant drop in conductivity due to
increased electron scattering at solute atokssa consequence, both grain refinement
and solid solution strengthening often become limited in applications where high thermal
and electrical performance is crudaR1].

Precipitation strengthening, in contrastargls out as the most effectiverdening
mechanisnfor HSHC Cu-basedalloys, offering a unique balance between strength and
conductivity [116, 119. This is achievedhrougha controlled heat treatment process
known as ageing, duringhich solute atoms from theupersaturated solid solution are
desolvatedand deflected, forming fine secoptiase precipitates that act as barriers to
dislocation motion without significantly affecting electron transpbiei, 127.

The way dislocations interact with these precipitates depends on their size and
distribution. In the early stages of ageing, precipitates are typs@iill and coherent

with the Cu matrix, allowing dislocations to shear through them if the applied stress
sufficient. The shear stress required to cut through the precipifaiac(eases with
precipitate sizedxpressed as the precipitate radiys,approximately following at ©

i 7 dependency§122 123. However, as ageing progresses, precipitates coarsen and
lose coherency, making shearing increasingly difficult. Beyond a critical size,
dislocationspreferentially bypass the precipitateg bowing around them, forming
Orowan loopsthat further strengthen the material. In this regime, the strengthening
contribution follows an inverse relationship with precipitate size, pfi [122 123.

The interaction betwedhesemechanisms defines a characteristic strengtpresipitate
radiusrelationshipdepicted inFig. 2.1, wherea critical precipitate radius () provides
the maximum strengthening effe@incedislocations will follow the path that requires
the lowest stress, the dominant strengthening mesananill be the one that minimes
the shear stress
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Figure 2.1 Schematic representation of strengthening mechanisms as a function of precipitaterradius,

Fig.2.2[124] illustrates how precipitation strengthening evolves over time during ageing.
Initially, as fine secnd-phase precipitates form and grow, their contribution to the overall
strengthening increases. However, as ageing progresses, longer times and higher
temperatures lead to coarser and incoherent precipitates, eventually reducing their
effectiveness in imming dislocation motion. This phenomenon, known as overageing,
results in a gradual decline in the strengthening effect. The total yield strength of the alloy
at any given stage is determined by the combined contributions of the different
mechanisms.

Unlike other strengthening methods, precipitation strengthening can simultaneously
enhance the alloy's mechanical strength while maintaining high conductivity, making it a
major focus in the development of HSHC-Based alloy$116. This effect, however,
relies on two key conditions of the alloying elements: (1) they should exhibit a significant
difference in solubility in the matrix at high and low temperatures, allp¥ansufficient
precipitate formation during ageing, and (2) their solubility at ambient temperature should
be very low, preserving high matrix conductivitylfg.

Various Cubased alloys have been developed by adding elements such as Al, Nb, Cr,
Mg, Zr, Ti, Ag and Fe to enhance their mechanical properties while maintaining high
conductivity. Among them, GCr-Zr stands outis the main candidafer usein HHF
compaentsof nuclear fusion facilitiesas it offers not only an excellent balance of
thermal conductivity and mechanical strendtht also high fracture toughness, good
availability, and relatively low cost. Additionally, its composition exhibits relatively
lower activation under neutron irradiation, which makes it more suitable than other Cu
based or structural alloys in terms of radiological safed2[116, 125, 124].
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Figure 2.2 Evolution of the different strength contributions to the total yield strength over time during
ageing[124]. The total yield strengthesults from the combined contributions of different mechanisms
(6l oopd refers to the Orowan mechani sm).

2.1.2. Property relationships across representative Cibasedalloys

The mechanicgroperties and electricahd thermbconductivityof agehardenable Gu
basedlloys can vary significantly depending on their specifiemicalcomposition and
thermalhistory. Microalloying elements, such A§ Ti, Fe, Co,Cr, Zr, Mg, Nbor Ag,

are oftenadded to enhance particular properties, leading to a kaitlge of performance
outcomeg116 119 120, 127]. Similarly, thermal treatments such as solution annealing,
quenching, and subsequent ageiag well aswhether cold work or severe plastic
deformation has been applied for hardening, havprofound impact on the final
microstructure and property balance of these alloys. For this reason, providing a clear
comparison of typical properties is challenging éggential to understand the criteria for
selectingCu-basedalloys in advanced engineering fields, especially in fusion reactor
technologywhere the tradeff between strength and conductivity must also consider low
activation requiremen{4.2§g.

It is common in the literature to report electrical conductivity rather than thermal
conductivity, due to the relative simplicity of its exp@ental measurementherefore,
given the focus of this thesis on the thermal and mechanical properties of I@8HC
basedlloys, electrical conductivity valuesportedn the literaturdhave been converted

to thermal conductivity empying theWiedemanrFranz law[129. This approach offers

a reasonable estimation for precipitat&trengthened copper alloys with moderate
alloying content
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However, for dbys with higher solute concentrations or extensive sequrake

precipitates, the incread electrorphononscattering leads tdeviations from the ideal

Lorentz constant(Y ), resulting in aroverestimation of the thermal conductivifg3Q.

Despite these limitations, in highly conductive materials such as pure metals and
copper based alloys, heat transpoonc i s oV
contribution. Although the phononic contribution does act to reduce the net conductivity,

its effect is negligible compared to that of the electrons. Therefore, the Wieddtramn

law remains a valid and practical tool for estimating thermal peegoca at room

temperature and for enabling meaningful comparisons across HSHC coppefla®ys

131):

I 0 Q "YOJY (2.1)

With 0 = 2.45x 10® WgK?, Y= 298 K, and, “Y representing the electrical
conductivity, calculated from the %IACS where 100% IACS corresponds to 58 MS/m,
as stated before.

Fig. 2.3 visualizes theelationshipbetween thermal conductivity andiTS for several

widely studied precipétion-strengthene@nd dispersiorstrengthenedCu-basedalloys

and pureCu. The alloys presented includiee CuNi-Si[119 132135 and CuCr-Zr

[102 111, 119 136-156 systens and theirmicroalloyed variatioristhe commercial

AmZirc (C15000)(Cu-2Zr) alloy [157,158; and a g r o u pcorhneefriallCb ed as
alloysd , wh i c kolldctaddatafrothe@nmmon commerciallloys such as Glidcop

Al-15 (C15715) and Glidcop A0 (®, CuAl) [159 160, GRCop42 and GRCo84

(®, Cu-Cr-Nb) [120, 159, 161-164 andAMAX -MZC (Cu-Mg-Zr-Cr) [157, 158.

Additionally, data from oxide dispersiestrengthened (ODS) copper alloys have been

includedin Fig. 2.3 for comparisorj156, 165-167]. Recently, ODSCu-basedalloys have

gained increasing attention in fusion reactor research due to their superior creep resistance

at temperatures above 3@00 °C, where traditional preciption-strengthene€u-based

alloys tend to degrade These alloys, such a€u+Y O ar eed byhther act er i
incorporation of finely dispersed oxide particles that significantly enhance- high
temperature mechanical stabilit@lidcop alloys (e.g., A15 and A160) are also

technically dispersiosstrengthened rather than precipitatgirengthened, with ultrafine

al umina (Al O ) particles acting as dispers
performance at elevated temperatur

Moreover data from Culi alloys are included119 16817(, a system typically
characterized by higher solute concentrations and stronger precipitation effasts. Th
results in significantly lower thermal conductivigompared to other precipitation
strengthenedopper alloys. As mentioned before, the Wiederdaramz (Eq. 2.1) law

tends to overestimate thermal conductivity in these heavily aleystemsdue to the
increased electrephonon scattering which reduces the actual thermal performance
beyond the prediction of the ideal Lorentz constant. This phenomenon is particularly
evident in CuTi alloys CuCr-Nb systems like GRCep2 and GRCoi84, as well as
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Cu-Ni-Si alloys with high solute content. Consequentligendirectly measured thermal
conductivity valuesareavailable theyhave been usefdbr greater accuracy. Otherwise,
the estimated values from the Wiedemdmanz law stl offer a practicalcomparative
framework for evaluating HSHC coppand Cubasedlloys.

1500 ; —
] D Pure Cu

@ Cu-Cr-Zr

O Cu-Ni-Si

= ODS-Cu

B Cu-Zr

0O Cu-Ti

( O Commercial
1 Cu-based

alloys

—
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Figure 2.3 Relationships between thermal conductivity and ultimate tensile strength (URSfatpure

copper and several representative precipitatgtrengthenedand dispersiorstrenghtened Chased

alloys. The data include GNi-Si[119 132135, CuCr-Zr [102 111, 119 136156, CuTi [119 168

170, ODSCu [156, 165167 and commerciaCu-basedalloys such as AmZirc (C15000157, 159,
GRCop42 and GRCof84[120, 159 161-164, AMAXMZC[157, 15§, and Glidcop (Al15, AF60)[159

160. Directly measured thermal conductivity values were used where available; otherwise, estimates were
calculated using the Wiedemafinanzlaw.

Selecting a suitable HSHC chasedalloy for fusion reactor applications requires an
optimal balance between high mechanical strength, excellent thermal conductivity, and
low neutron activation. Among the available alloys, systems lik&iCGiifer significant
mechanicaperformance, but their substantially lower thermal conductivity makes them
unsuitable for HHF applications. Additionally, the use of elements prone to neutron
activation such as Ni, Nigo and Almust be minimised to meet radiation safety standards

in fusion environmentg128. Consequently,commercial Ctbased alloys such as
GRCop42, GRCop84 and Glidcop variations, are not ideal choices.

Exceptions are the AMAMZC and AmZirc (C15000alloys. While the AMAXMZC
composition avoids problematic activation elements, its mechanical properties are less
favourable compared to other alternatives. AmZirc, with its 0.15 wt.% Zr, provides a
reasonable balance of thermal coctiity and mechanical strength, though the Zr
contert must becarefully controlled. ODS Cbased alloys also repesgtan interesting
alternative, offeringuperiommechanical performance at elevated temperafads that
thedata provided by¥rig. 2.3 corresponds t&T). However their thermal conductivity is
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lower comparedo other Cubased alloys, and their largeale industrial processing is
still under investigatiofl71].

Ultimately, CuCr-Zr alloys emerge as the most promising candidae HHF
applications in fusion reactoid/ith excellent mechanical properties when processed and
aged appropriately, CGr-Zr alloysoffer the best combination of performance and safety

for demanding fusion reactor applicatiofs0Z. Besides the mechanical strength
criterion, it presents a relatively high fracture toughness at RFZ060Pa-Y?), which
remains above 100 MPafhup to 300 °C 125. This is crucial for ensimg structural
integrity under extreme thermal and mechanical lohl@sertheless, ongoing research
aims to further enhance their performance through innovative approaches, such as
reinforcement with W fibes or W patrticles, and small additions of156.

2.1.3. The CuCrlZr alloy

The CuCrlZr is a welkstablished commerciallloy, extensively used across various
industries for decades. A& precipitatiorhardened alloy, its mechanicsatrength is
primarily derived fron the formation of fine secornmhase precipitates during heat
treatment. As showim Fig. 2.3, it offers aremarkable balance between mechanical
performance and high therinand electrical conductivities, making it suitable for
aerospace, electrical systems, and {@ghrgy physic§116, 119, 120, 172174. Its
designation under the Unifiedushbering System (UNS) is C1815hd he chemical
compositonal ranges arel[75, 176:

Table2.1 Chemical composition of CuCrl1Zr in accordance with the available standards176].

CuCr1zr Composition (wt.%) Impurities (wt.%)
(UNS No. | cu Cr Zr Fe Si Total of other elements
C18150) | Bal. 0.57 1.5 0.05i 0.5 | <0.08 <0.1 0.2 max

Given that C18150 is a commerciallgstablished alloy with a wetleveloped
manufacturing technology, extensive knowledge has been accumulated regarding its
production routes and thermomechanical processigogical stating point for
understanding thisonventional processing and the development of a fine precipitate
strengthened microstructure tise examination of the binary €r and CdZr phase
diagrams. These diagrams hé&pdetermine the appropriate temperatures for each heat
treatment step. THeu-Cr phase diagram is shownkig. 2.4 [177]; however, theelevant
compositional range for CuCrlZr is not visible in the complete diagram. Therefore, a
moredetailed view of the Guich corner, including the eutectic invariant reaction, is also
provided inFig. 2.5 based on the work of Chakrabarti and Laughliid. The CuZr
phase diagram is depicted irgF2.6 [179.
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Figure 2.6 Cu-Zr binary phase diagranil79.

Thesolubility of Cr and Zr in the Cu matrix at different temperatures is provided in Table
2.2 The solubility values for Cr were originally reported in the work of O&d, later
compiled and refereced in 178, while the solubility data for Zr are sourced froh8]-

184). A considerable difference in Cr solubility can be observed between the eutectic
temperature (1076.6 °C), where it reaches 0.89 at.% (0.73 wt.%), and 840€1€,itvh
decreasedownto 0.12 at.% (0.10 wt.%). At typical ageing temperaturesi(800 °C),

the Crsolubility is expected to drop even further, providing the optimal conditions for the
precipitation of Cirich phases.

In the case of Zr, its solubility iess welldocumented and often shows inconsistencies

between references in the literature. Neverthebss|able datandicate that it is even

| ower t han Crds, reaching approxi mately 0
temperatures{ 950 °C), depeding on the reference consulted (see T&hk. This

solubility is also expected to decrease at lower temperatures, causing Zr to be rejected

from the Cumatrix and form Zirich precipitates.
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Table 2.2 Solubility of Cr and Zr in the Cu matrix at various temperatures. Cr solubility data are sourced
from Doi [18(], as compiled in17§, while Zr solubility data are taken from multiple referencé8F

184.

Crin (Cu)| Temperature Zrin (Cu) | Temperature, Reference
(at.%) (°C) (Wt.%) °C)

0.89 1076.6 0.12 972 [181]
0.73 1050 0.11 965 [183
0.49 1000 0.11 950 [184
0.31 950 0.1 920 [182
0.21 900

0.12 840

Therefore, the processing sequence of CuCrl1Zr follows a Solution Annealing and Ageing
(SAA) treatment, which involves an initial solution annealing (SA) stegexhperature

just below the solvus line in the €Lr phase diagram (980000 °C) to fully dissolve Cr

into the Cu matrix (provided the Cr concentration is below 0.89 wt.%), creating a
supersaturated solid solution. Since Cr is the primary alloying elether@uCr phase
diagram serves as the reference for determining this solubilisation temperature.
Solubilisation is followed by rapid water quenching to retain this metastiée During

the subsequent ageifly) process at moderate temperatyd¥)-500 °C), the significant
difference in solubilitypetween solution and ageing treatments for both elements in the
Cu matrix combined with thie supersatwation in the Cumatrix, provides the driving
force for the precipitation of fine @ich and Zrrich phases, effectively enhancing the
mechanical strength of the alloy.

In this way, the two key conditions for obtaining a HSHCHaised alloy, as discussed

in section2.1.1 are clearly met1[16]: (1) a pronounced difference in solubility between
solution treatment and ageing temperatures, ensuring a hardening effect due to
precigtation strengthening, and (2) the very low solubility of alloying elements at RT,
which ensures that the Cu matrix remapramarily pure Cu, mininging electron
scattering and maintaining high electrical conductivity.

2.1.4. Heat treatment strategies and micrastructural evolution of CuCrl1Zr alloy

To further understand the microstructural transformations during processing and phase
relationships in CuCrlZr, it is necessary to analyse the terna@r-Zu phase diagram.

Fig. 2.7(a) andFig. 2.7(b) [189 show two vertical sections at constant Cr concentrations
(0.5 at.% and 1.5 at.%, respectiveljustrating how the phases evolve with increasing

Zr content. Thesphase diagrams were calculated by ZengHé@ahalainen 185, while

the experimental data points included in the figures correspond to measurements reported
by Kuznetsov et al. 186. For simplicity, the authors introduced the following
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abbreviations for the phases present in the diagram:CrZr; 5, CwZr; 51, Cé1Zr14;
8, CwZrs; 10, CwoZr7. Notably, no ternary compounds have been identified in the Cu

Cr-Zr system 186, 187].
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Figure 2.7 The calculated vertical sections of the-CuZr phase diagram at constant Cr concentrations:

(a) 0.5 at.% Cr andK) 1.5 at.% C. The phase boundaries were thermodynamically calculated by Zeng and
Hamalainen[ 185, while the experimental data points included in the figure correspond to Kuznetsov et
al. [186]. The following abbreviations were used for the identified phaes+Cr.Zr; 5, CuZr; 51,

Cus1Zr14 8, CweZrs; 10, CuoZry.
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Given that the compositional limits of the allmstrict the maximum Cr and Zr contents
to 1.5 and 0.25 wt.%, respectively (see Tahl®, the Curich corner of the diagram is of
particular interest to predidié equilibrium phases in the C18150-Kased alloy: (1) the
liquid phase, L; (2) the faeeentred cubicRCC) solid solution, (Cu); (3) the boelyentred
cubic BCC) solid solution, (Cr), which shows negligible solubility of Cu below the
eutectictemperature (1076.6 °C1L78]; and (4) variousd 6 @i intermetallic phases.
According to the diagrams, the equilibrium intermetallic phases would mainlydeclu
CusZr and CuiZr14, while| -Cr2Zr could also form at higher Zr concentrations, up to the
0.25 wt.% limit. However, their exact identificati@md stability have been subjeto
debate in the literature and will be discussedetail later.

Among thesephases,the BCCGCr phase plays a fundamental role in precipitation
strengthening. This effect has been directly observed by Liu &8§], jvho usedn-situ

TEM to investigate the interaction between gliding dislocations and Cr precipitates. Their
study revealed that these precipitates act as effective barriers to dislocation motion,
repeatedly pinning and disengaging dislocations, leading to a arasactintermittent
gliding behaviour.

The addition of Zr, despite being present in smaller amounts compared to Cr, also plays
an important role iknhancing the microstructural stability and mechanical performance
of Cu-Cr-Zr alloys. It contributes to gin refinement by interacting with vacancies and
dislocations, delaying grain growth and increasing thermal stakll@g, [L90. It also
promotes the precipitation of €ich particles by reducing the solubility of Cr in the Cu
matrix [189 190. In addition, the formation of thermally stable intermetadli® & i
phases further improvethe resistance to thermal softening and creep, preventing
microstructural degradation at elevated temperatd@ks 190. These CtZr phases tend

to precipitate preferentially at grain boundaries, where they act as effective barriers
against grain coarsening and restrict intergranular slip, contributing to both the ateep an
fatigue resistancelpPQ. Additionally, Zr acts as an oxygen getter, preventing welding
related defects during the assembly of reactor compordts |

As explained, SA treatment is applied at a temperature slightly below the solvus line in
the CuCr phase diagram, followed by rapid water quenching. This process ensures the
formation of a solid solution of Cu supersaturated with gZoviding the necessar
condition for subsequent precipitation during ageidgypical optical micrograph of the
C18150 alloy (Ct0.7150.845Cr0.08210.112Zr wt.%), in a SA (980C, 60 min)
condition, is shown in Fig.2.8 [192, with black arrows indicating the presence of
annealing twins. In this condition, the measuwaedrage grain size w&s + 8 um.
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Figure 2.8 Optical micrograph of a typical CuCrlZr C(+0.7150.845Cr0.0810.112Zr wt.%
microstructure in solution annealed (980 °C, 60 min) and water quenadredition[192. Black arrows
indicate the presence of annealing twins.

The cooling rate after solution annealing plays a crucial role in determining the resulting
microstructure. If it is too slowGr-rich and Zfrich phases precipitate extensively during
cooling, depleting the matrix of solute atoms and preventing the fiamat a fully
supesaturatedCu matrix. Consequently, during ageing, the formation of new fine
precipitates is significantly limited, as most of the available solute atoms have already
been consumed during cooling. This is evidenced in Efa), Fig.2.9(b) and Fig.
2.9(c), which show Field Emission Scanning Electron MicroscopfFE-SEM)
micrographs of a C18D5alloy (Cu0.75Cr0.105Zr wt.%) after solution annealing
followed by different cooling rated93. Fig. 2.9(a) corresponds to a solution annealing
treatment followed by water quenching (with a very high cooling rate, dependent on the
water temperature), whereas spesmis from Fig.2.9(b) and Fig.2.9(c) were cooled
outside and inside tHarnace, with estimated cooling rates of-Q.8 °C/s and 0.03.06

°Cls, respectively. Cooling curves and details on these estimations are repolé.in [

A clear trend is observed frothese micrographs: as the cooling rate decreases, the
precipitates become progressively coarser. In the case of water quenching, no visible
precipitates arerpsent, suggesting that all (or nearly all) solute atoms remain in solid
solution within the Cu matrix. In contrast, F@9(b) reveals a bimodal distribution of
precipitates: fine precipitates in the nanometre rgily@ nm), along with larger ones
ranging from 10 t®0 nm, unevenly distributed. Finally, the slowest cooling rate (Fig.
2.9(c)) results in a much higher density of coarse precipitates (in the rang0tb),

which are attributed to the extended time available for their growth during furnace
cooling.
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Figure 2.9 Field EmissionScanningElectron Microscope (SEM)nicrographs from a C18150 alldCu-
0.75Cr0.105Zr wt.%)after solution annealing followed by differaroling rates: (awater quenched, (b)
furnace cooling (0.8..5°C/s), and (c) oubf-furnace cooling (0.038.06°C/s) [193. The letters A, K and
F refer to the name given to eachtloé treatments studied in the authors' original paper.
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Two other features can be observed in theSHEM micrographs in Figures9: very large
precipitates, likely formed prior to solution annealitg4] and not fully dissolved in the

Cu matrix due to insufficient dissolution times (in this case 30 min, as reporte& 3t [

and pits, which are directly related to the specipreparation process, where precipitate
ejection left behind characteristic void®B. Jha et al.192Jha] suggested that extending
the solution treatment to 60 min improves dissolution, as hardness measurements
decreased from 74 + 4 HV (30 min) to 60 £ 3 HV (60 min), indicating that the shorter
treatment did not achieve apersaturated solid solution. Specimens subjected to the 60
min treatment, such as that observed in Eig,. illustrate this condition. This highlights
the importance of ensuring sufficiegissolution time to fully dissolve the precipitates
and achieve chemical homogeneity in the material.

After SA treatment and water quenching, theterial is exposk to modeate
temperatures to promote the precipitation of dissolved Cr. Both the time and temperatures
of the ageing treatment are determinant parameters in the final microstructure obtained.
Fig. 2.10(a) illustrates the evolution of YS and UTS from a C18150 alloyqCAQCF

0.11Zr wt.%) as a function of the ageing temperature for different cooling fa#s [
Optimal mechanical properties are achieved within the ageing temperature range of 440
480 °C. Below this range, Cr remains in solid solution within the Cu lattice
(corresponding to the cottibn depicted in Fig.2.8), providing no significant
strengthening effect. Conversely, at temperatures above this range, overageing occurs
leading precipitate coagaing with a reduction in their hardening capability.

Fig. 2.10(b) [195 presents the evolution of hardness (measured in Brinell hardness, HB)
as a function of ageingtie and temperature for the C18150 alloy-(C80-0.11Zr wt.%).

At low temperatures (350 °C), no significant strengthening is observed, indicating that
precipitation hardening does not occur under these conditions. Hardening becomes
noticeable at ageing tgraratures of 400 °C and above, with the maximum hardness of
approximately 120 HB[¥130 HV) being reached after 140 minutes of ageing at 475 °C.
Increasing the ageing temperature to 500 °C reduces the time required to reach peak
hardness, but the maximunhaéevable hardness decreases due to the onset of overageing.
At 550 °C, the alloy undergoes significant precipitate coarsening, preventing further
hardness increase over prolonged holding times. Comparable trends have been
documented in 192, where the relationship between ageing temperature, time, and
hardness follows the same pattern observed in2Eg(b).

The microstructural effects of overageing are illustrated inZig(a), Fig.2.11(b), Fig.

2.11(c), and Fig.2.11(d), which present Transmission Electron Microscope (TEM)
micrographs from Edwards et alL9g showing the evolution of Cr precipitate sizea
C18150 alloy (CeD.73Cr0.14Zr wt.%) subjected to different thermal treatments. In Fig.
2.11(a), the material underwent an SAA treatment (ageing at 460 °C for 3 hours), resulting
in an average precipitate size of 2.2 nm and a precipitate density of approxiznately

10?3 m3. In Fig.2.11(b), an additional annealing step at 600 °C for 1 hour was performed
on the SAAtreated sample, inducirayerageing and leading to an increase in precipitate
size to 8.7 nmUnder this condition, the initially ultrafin€r-rich precipitates become

less numerous and slightly larger, indicating the onset of coalescence where smaller
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precipitates merge into larger ones, increasing in size while decreasing the overall density
of precipitates to approximately7 x 132 m,
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Figure 2.10 Mechanical properties of the C18150 alloy as a function of ageing temperature and ageing
time: (a) Cu-0.79Cr0.11Zr (wt.%), ariation of YS and UTS for different cooling rates after solution
annealingtreatment L41] ; (b) Cu-0.81Cr0.11Zr (wt.%),evolution of hardness (measured in Brinel
hardness, HB)195|.

This is consistent with the resultsported by Li et al. 140, who observed a fine
precipitate size of 3 nm with a density of approxima#lg x 16° m? after SAA
treatment in Ct0.84Cr0.14Zr (wt.%). Upon overageing, they reported similar
precipitae size increases (up to 9 nagcompanied by a reducdednsity of precipitates
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to approximatelyl.9 x 13?> m3. Similar values of density gfrecipitates and sizes were
reported from a G0.8Cr0.07Zr wt.% in the SAA condition by Singh et &l9].

Figure 2.11 Transmission Electron Microsced TEM) micrographs showing the precipitates obtained

from a C18150 alloyCu-0.73Cr0.14Zr wt.%) after different thermareatment§ 196 (a) SAA treatment

(460 °C for 3 h), resulting in an average precipitate size of 2.2 nm; (b) additional annatbig °C for

1 h, leading to overageing with precipitates coarsening t;m#é7(c) same annealing condition as (b) but
showing the presence of significantly larger precipitates (~100 nm) at grain boundaries; (d) prolonged
annealing at 600 °C for 4 h, where coarsening becomes more pronounced, with an average precipitate size
of 46.4 nm andsome precipitates reaching 1300 nm at twin boundaries.

Fig. 2.11(c), corresponds to the same overageing treatment at 600 °C for 1 hour. In
addition to the fine but coarsened precipitai28 fim) seen in Fig2.11(b), significantly

larger precipitated) 100 nm)are also found at grain boundariEmally, precipitate sizes
obtained after a prolongethnealing treatment at 600 °C for 4 howrbere coarsening
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is even more pronounced, reach an average size of 46.4 nm. In this corsditien,
precipitates as large as 2800 nm can be observed at twioundaries.

The growth and coalescence of these precipitates play a key role in determining the
mechanical strength amdlictility of the alloy, as evidenced by the tensile behaviour
showed by these conditions. Figl2(a) and Fig.2.12(b) [19€6 display the notable
difference in mechanical response, where the Rbeale Aged (PAs used to denote the

SAA treatment applied to the specimens corresponding to the microstructbig. in
2.11(a).

Further support for the relationship betweeriag temperature, ageing time and the
mechanical properties obtained is provided by Ei$y3, which illustrates the evolution

of electrical resistivityduring a heating and subsequent cooling cycle for a C18150 alloy
(Cu-0.75CF0.105Zr wt.%) in the solution annealed and water quenched conditigh [

A significant drop in resistivity is observed between &M@ °C, indicating the
progressive formation of Cr precipitates. At the end of this drop, nearly complete
precipitation occurs and the residual concentration of Cr atoms in the Cu lattice reaches
a minimum. Beyad this point, a subsequent increase in resistivity is observed, which is
attributed to the onset of solution annealing and the dissolution of precipitates.

Fig. 2.14 shows the typical microstructure of a C18150 alloy-0C84Cr0.14Zr wt.%)

under SAA (SA at 98A000 °C for 3660 min, water quenched and aged at-860 °C

for 2-4 h) condition £40. The measured average grain size was approximately 27 um,
which is consistent with the values reported by Singh etl@¥ [for the same SAA
treatment. The presence of twins is also observed in the microstructure. According to Fig.
2.10(a) and Fig2.10(b), these processing parameters are optimal for achieving the best
possible mechanical performance in terms of precipitation strengthening, while
simultaneously ensuring the highéstrmal conductivity performance.
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Figure 2.12 Tensile stresstrain curves of C18150 alldCu-0.73Cr0.14Zr wt.%)tested at (a) 323 K and

(b) 573 K for different ageingonditions[196]. The Prime Aged (PA) condition corresponds to the
microstructure shown in Bi 2.11(a), while the overaged conditions (PA + 873 K, 1 h and PA + 873 K,
4 h) correspond to Fig2.11(b) - Fig. 2.11(d), respectively
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Figure 2.13 Temperature dependenceeabdéctrical resistivity of C18150 allofCu-0.75Cr0.105Zr wt.%)
in solution annealed and water quenched conditibf3]. The observed drop in resistivity betweeni375

500 °C indicates the progressive precipitation ofrich phases, leading @ decrease in the concentration
of solute Cr atoms in the Cu lattic

Figure 2.14 Optical micrograph from a C18150 allqCu-0.84Cr0.14Zr wt.%)under SAA (SA at 980
1000 °C for 3660 min, water quenched and aged at-880 °C for 24 h) condition L4Q.
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The thermalesponsef C18150 is closely linked to its microstructural state, which, as
previously discussed, directly influencedy the applied heat treatments. Achieving an
optimalcombination ofstrength and thermal conductivity requires precise control of the
ageing @arameters to promote the ¢wiled precipitation of secondangghases while
minimising the residual solute content in solid solution. This is crucial because solute
atomsact as electroscattering centres, reducing the efficiency of thermal transport in
the alloy[197].

Given this strong dependence on microstructure, it is essential tcahaly thermal
conductivity evolves with temperature. At cryogenic tempees, electron scattering is
dominated by the presence of impurities and lattice defects. Hanzelka &éB@l. [
measured the thermal conductivity of a C18aBfy (Cu-0.71Cr0.23Zr wt.%) from 5 K

to RT, observing a continuous increase throughout this interval. This behaviour is
attributed to the progressive reduction in impurity scattering as temperature rises,
allowing for more efficient heat transport.

FromRT onwards, thermal conductivity data for C18150 have been reported by various
experimental sources. Fig.15compiles values extracted from the interlaborasiogly

conducted by Pintsuk et all99, and is divided in two panels. Fig.15a) shows the

averagecurve derived from multiple laboratories involved in that study (labelled as

Al nterl aboratory comparisono), al ong with ¢
German working group onArtheirtmolprheyiss c Bt e rpmm
and the ITER reference curve, which is defined to be representative of both the SAA and

SAcwA condition§20(Q.

Fig. 2.15(b), in turn, displaysthe thermal conductivity values calculated from the
measurements of specific heat and thermal diffusivity performed by five of the
participating laboratdes. The results reveal a significant spread, with two nearly parallel
levels clearly identifiabldo f f set by ap pmrKyand spanhirgltheg enBr® W
temperature rang&hese observations underscore the notable variability that exists in the
reported thermal conductivity of CuCrZr, even under nominally equivalent testing and
processing conditions.

As previousl y #al2aondasgeredllydescribeeic ddidte physics
literature RO1], heat conduction in metals and coppaloys is dominated by the
electronic contribution, with the phonon contribution being negligible in comparison.
However, as temperature increases, elegblmmon interactions become progressively
more significant, resulting in enhanced scattering. B/elkctronic conduction remains

the dominant mechanism throughout the relevant temperature range, this additional
scattering contributes to the gradual degradation of thermal conductivity.

Nevertheless, as illustrated iRig. 2.15b) and discussed above, the available
experimental data reveal a high degree of variability, which complicates the identification

of a clear temperatw@epen d e n t trend. Above 500 AC, a f
conductivity is expected due to the onset of precipitate dissolution. This process leads to

the redissolution of solute atoms into the matrix, thereby increasing electron scattering

and further redecing the efficiency of heat transport.

59



Q

- 380
x
-
E 360 1 == ——
=
> t o~
= 340 A1 — -, — " .
.> . ﬂ - -l -+
5 | ~ A
3 320 e — A
g === |nterlaboratory Comparison
9
= 300 == /% = Arbeitskreis Thermophysik |~ ]
£ = @= |TER recommendation
7} - ;

280 1 1 f
£
- 0 100 200 300 400 500

Temperature, °C
b
& 420
-
g-E 400 —
> 380 0 a 4 A 3T 4 T -
s T A 0
AN
[¥] _— - - —_
T % % ¢ v § § 4
G 340 9 &
- A Netzsch © ARCS 2
€ 3201 8Fz A\ IPP-Garching —
| =
-ﬂ:J @ Plansee
= 300 1 T
0 100 200 300 400 500

Temperature, °C

Figure 2.15 Thermal conductivity of the C18150 all@s a function of temperature, based on the
interlaboratory study by Pintsuk et alLl99. (a) Comparison between the average thermal conductivity

reported by thepr t i ci pating

Ger man

wor king

group

on

|l aboradcmparissqmd)nt ethebvabhtesyc
thermophysical

properties

reference curve, which is representative of both the SAA and SAcwA conflilidndividual conductivity
values calculated from specific heat and thermal diffusivity measurements carried out by five of the

laboratories involved in the study.

Oxygen as an impurity is a primary concern for the thermal conductivity performance of
metals. In the case of ¢hased alloy, the GO phase diagram shows that the solubility

of O in Cu is extremely low even at high temperatures ¢0.02 wt.% at the typal
solution annealing temperature of 9%0) [202. As a result, CtO precipitates can form
even with oxygen levels that might otherwise be considered negligibése disrupt
electron transport by creating nametallic inclusions that act as scattering centres,
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thereby reducing thermal conductivity. Consequently, minimising the oxygen content in
Cu-Cr-Zr alloys is critical to ensure efficient heat transfer.

In prectice, residual porosity is often introduced during the manufacturing process, and
this can have a nemegligible impact on thermal conductivity. Since the pores are
typically filled with air, which is a poor thermal conductor, their presence disrupts the
heat transport paths within the solileveral models of varying complexity (some
incorporating detailed microstructural descriptors) have been proposed to estimate the
deviation in conductivity relative to an ideal, fully dense mated@B] Experimental
studies confirm this effect: Ibrahim et al204] reported reductions in thermal
conductivity of up to 5L0% in pure copper samples with low levels of pord&iy.5%).

2.1.5. Precipitate characteistics and phase g&bility in CuCrl1Zr alloy

During the early stages of ageipgpcessa metastabl&CC-Cr phasenucleates within

the Cu matrix, forming finely dispersed and coherent precipitates commonly referred to
asGuinier-Preston(GP)zonesWith prolonged ageing, these pretipes evolve intthe

stable BCCCr phase as evidenced by the appearance of new diffracti@ctiafis
corresponding to the BC&lructure in electron diffraction (TEM) and-rfdy diffraction
(XRD) patterns 178 205.

The GP zone®xhibit a characteristicine Of No Contrast(LONC) perpendicular to the
operating™@Q ¢ m 1t reflection, where they-vector indicates the magnitude and
direction of the diffraction in the reciprocal spadéis feature is accompanied by a
distinctive lobelobe morphologyalso referred to aoffeebean contragtwith a reported
average size of-3 nm, as previously mentiondd94, 196, 20€. Interestingly, when
observed under STEM imaging conditions and along crystallographidaditers that do

not enhance strairelated contrast, these zones may resemble dislocation loops rather
than displaying the typicatoffeebean patterrj207, 20§.

The micrograph presented in F@16 [193 corresponds to a Bright Field (BF) TEM
image where a diffraction vecto 1t 11 ¢ was used for imaging after SAA treatment

of Cu0.75Cr0.105Zr wt.% The parameters employed ftre SAA teatmentwere

within the range for achieving the best mechanical performance, as described in section
2.1.4 The authors referred to this treatmans i ng t he | etter 6LGO,
SAA processThe image clearly reveals the presenc&Bfzonest the nanoscal@he
precipitatesize s estimated by measuring the LONC lengtthen observed alongeh
(220yreflection, these metastable precipitates transition from their characteristic lobe
lobe morphology to a circular appearanzeqd.

However, other studies have reported slightly larger coherent precipitates, with sizes
approaching 5 or evelD nm. In line with this, Knights and Wilke21( obseved that

Cr precipitates can remain fully coherent with the Cu matrix up to sizes ranging from 5
to 10 nm. More recently, Liu et all$8 reported Cr precipitatesith an average size of

10.9 nm, which were still at least seogherent with the Cu matrix.
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Figure 2.16Bright field (BF) TEMmicrographwith g=[002]c., showingGP zonesn a Cu0.75Cr-0.105Zr

(wt.%) alloy after SAA treatmerjtl93. The characteristics lob#be contrast (coffebean) associated

with the metastablECC-Cr precipitates are revealed. Theatment applied for this specimen is labelled

as O6LO6 by the authors, but it corresponds to a SAA
performance (see secti@il.4).

Chbihi et al. 11] also reported fine and coher&f@C-Cr precipitates exhibiting eoffee
bean contrasin TEM images, although they did not explicitly refer to thersRszones
However, their size, cohergncand distinctive contrast effects strongly suggest they
correspond to the eartage precipitates commonly identified as such in other studies
In addition theystudied the earliest nucleation stage of tf&3€-Cr precipitates through
Atom Probe Tomogphy (APT) analysesand thermodynamic calculations. They
provided an explanation answering why FCE forms initially instead ofthe
thermodynamically stable BGCr phase, showing that its nucleation is energetically
favoured in the early stages of ageing

Furthermoretheir APT analyses revealed that these precipitates first appear as spherical
structures, gradually evolving into ellipsoidal and plike morphologies as ageing
progresses. This morphological transition is accompanied by a structural transformation
from FCC to BCC-Cr, which occurs as precipitates groM this stage, they lose
coherency with the Cu matrix, and their presence is revealed in TEM images by the
appearance oMoiré fringe contrast which arises due to the interference between
reflections of thdCC-Cr precipitates and the Goatrix when imaged under the (260)
reflection[194, 206, 211, 217,.

Typical High Resolution TEM (HRTEM) micrographs of these precipitates are displayed
in Fig. 2.17(a) andFig. 2.17(b), obtained by Fuji et all212 from an SAA Cu-0.2Cr
(wt.%) alloy at 773 K. Different fringe spacing values were repdqieddr nm and 0.62

nm, respectively), which were attributed to variations in the orientation redhtpm
between the precipitates and the Cu matrix. The {5338pe of theCu matrix was
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identified as a preferred interface for these precipitates, as it isrtigkfacet plane with
a high atomic density, which minimises interfacial energy and prontogestability of
the precipitatamatrix boundary.

Figure 2.17 High-resolution TEM (HRTEM) micrographs of @ch precipitates in anrSAACu-0.2Cr
(wt.%) alloy at773K [217. The image reveals Moiré fringe contrast due to the interference between
reflection of the BCECr precipitates and the FCCu matrix. Twdifferentfringe spaing values attributed

to variations in the orientation relationshipere observed, with the (53%cet plane of the Cu matrixsa

the preferred interface: (a) 1.17 nm and (b) 0.62 nm.

In the case of Zrits precipitation creating intermetallic phases also contributes to the
overall mechanical strength, although their influence on precipitation strengthening is
generally considered secondary compared to that afc@rprecipitates. Instead, the
precipitdaion of these intermetallic phases at grain boundaries helps control grain and
improves both fatigue and creep resistant@)[ 191]. In addition, Zr enhances the
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distribution of Crrich precipitates]89, 190 and prevents weldingelated defects due to
its high affinity to capture oxygeri (3.

According to the C«Zr phase diagram (Fi@.5), and as demonstrated by Zaitsev and
Zaitseva P13, CueZr is expected to undergo an eutectoid decomposition reaction into
Cus1Zri4 and (Cu) within the temperature range of 802 K to 955 K. This transformation
has also been reported by Zhou and Napolit@dd] [and supported by thermodynamic
assessments such as those presented in Liu 213l lHowever, Okamotol79 pointed

out that althoughCusiZr14 is stable at low temperatures, its complex crystal structure
introduces a negative entropic contributionite Gibbs free energy, reducing its stability
as temperature increases. This suggests GoeZr remains the dominant phase at
intermediate temperatures and confirms previous reported observaf@i2(6, 216,

217.

Peng et al [216 experimentally identified by Selective Area Electron Diffraction
(SAED) semicoherenFCG-CueZr as the intermetallic phase in equilibrium with (Cu). It

is important to note thathe alloy composition investigated was -Q112 (wt.%),
indicating that the optimal ageing times and temperatures reported may differ from those
required for CeCr-Zr alloys Their study revealed that FGQusZr precipitates
preferentially nucleate along the {111} habit planes with their morphology degean

the specific interface plane: they can adopt a-diskped, elliptical or platike form.

The initial stage of precipitation involves the formation of ultrathirridn clusters,
which serve as precursors for the subsequent nucleation safr Qrecipitates. The
HRTEM micrograph of one Zrich atomic cluster in the earliest stage of ageiif]is

shown in Fig.2.18(a), while Fig.2.18(b) illustrates its coarsening after ageing at 723 K
for 1 hour. The corresponding Fast Fourier Transformations (FFT) patterns, included as
inset in each figure, confirmdatde FCCcrystal structuref these CsZr precipitates. At
longer ageing times, G4r precipitates continue to grow, as evidenceéigyres2.19(a)

and Fig.2.19(b), but they maintain their characteristic crystal structure,-sefrerency

and habit planes.

A similar observation was made by Watanabe et &B6| who identified CusZr
precipitates in a G0.5Cr0.15Zr (wt.%) alloy aged at 500°C. However, while Peng et al.
[21€] identified CwZr as anFCC phase in equilibrium with (Cu), Watanabe et 2B
reported that in a G0.5Cr0.15Zr (wt.%) alloy, these precipitates exhibit a modified C15
Laves structure (CLh This suggests that the structural characteristicdugZr may be
influenced by alloy composition and ageoanditions. Given these differences, a careful
interpretation of the crystallographic natur€ogZr is necessary, as factors such as phase
transformation kineticexperimental conditions, or even limitations in diffractimased
techniques could affetthe identification of its structure.

Interestingly, Correia et al2.§ also observe€usZr precipitates in a G0.22Zr alloy
(at.%) after ageing, identifying the presencéaiiré fringe patternsWhile the authors

did not explicitly determine their crystal structure, the observation of these patterns
suggests that the precipitates exhibit aate degree of sentoherency with the Cu
matrix. This finding aligns with the work of Peng et &1¢, who characterize@usZr

as a semcoherent FC(phase, reiforcing the need for careful interpretation of its
structural features.
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Figure 2.18 HRTEM micrographs showing the early stages ofACprecipitation in a Ce0.12Zr (wt.%)

alloy [216]: (a) Zr-rich atomic cluster at the initial stage of ageing; (b) coarsening of the Zr atomic cluster
afterageing at 723 K for 1 hour. The insets show the corresponding Fast Fourier Traasfurs (FFT),
confirming the FCQrystal structure of the Gidr precipitates.

Moreover, Wang et al.2Dg reportedthe presence o€wZr with an orthorhombic
structure, though this phase has not been widely documented in other investigations of
Cu-Cr-Zr alloysand may depend on specific ageing conditions. A similar phase was also
reported by Tang et al219, who identifiedCwZr intergranularly in a GCr-Zr-Mg

alloy, forming as discrete particles and thin gitatundary films, though theresence of

Mg in their system could have influenced thigcipitation behaviour.
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Nevertheless, thermodynamic calculatioRg(2.7(a) and Fig2.7(b)) for the CuCr-Zr
ternary system185 predict thatCusZr, ratherthan CusiZri4, is the stable intermetallic
phase at lower temperatures. This provides further support for prediuizg as the
predominant 61 phase at ageingmperatures in the CuCrlZr alloy.

Figure 2.19HRTEM micrographs of Gér precipitates in a C#0.12Zr (wt.%) alloy after prolonged ageing
[216]. The preferentiahabit plane L 1) for nucleation is indicated in (b).
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2.1.6. The ITER-Grade CuCrZr alloy

C18150(CuCrlzr)alloy is a wellestablished and commercially mature-CuZr alloy,
widely used in higkperformanceapplications requiring a balance between mechanical
strength, thermal a&h electrical conductivity and thermal stabilitg1fg 119 120Q.
However, the nuclear fusion field demands extreme operational condiindsthe
reliability of heat sink materials is paramoumnb ensurehe highest leMeof mechanical
performance and consistency, a specialized grade of the C18150 allow was defined for
ITER applications, the scalled ITERGrade CuCrZr (I&CuCrZr). The compositional
tolerancesn this grade are furthéightered as shown in TabR3, according to the ITER
Material Property Handbook (MPH) and database of Cu@2[ For comparison, the
table also includes the standaampositional rangesf C18150alloy. Since IGCuCrZr

is a refinement of C18150, the possible phases present are those prelasadded for

the base alloyin both cases, GZr phases are not expected due to the low Cr/Zr ratio.

Table2.3 Compositional ranges (wt.%) for the C18150 commercial dl&yCrlZr)and the ITERGrade
CuCrZr (IG-CuCrZzr) and their maximum allowable impurity levE22(. (alap = As Low As Possible)

Composition (wt.%) Impurities (ppm)
Cu Cr Zr @] H Fe Si Co Cd P
CuCrlZr | g os5y15 009 ; - 800 1000
(UNS C18150) 0.25
IG-CuCrzr | Bal. 06109 7' | 25 10 800 1000 10 5 alap

The Cr and Zr contents amarefully adjustedo maximie the benefitsof precipitation
strengtheningAlthough the maximum solubility of Cr in Cu is 0.73 wt.% (at the eutectic
temperaturesee setion 2.1.3, the Crmaximumcontent in IGCuCrZr is set at 0.9 wt.%.

This slight increase ensures a controlled supersaturationgdsolution annealing,
maximisng precipitation strengthening while méaining mechanical stability and
thermal conductivity. Exceeding this concentration can result in coarse precipitates that

degrade the material 6 s me sehtiand.1.£CGnlthe @her f or man

hand, to ensure a homogeneous distribution of fingd@rprecipitates while accounting
for industrial limitations in controlling chemical compositiotise lower bound is set to
0.6 wt.%.

Meanwhile,Zr upperlimit is reduced compared to C18150 to mitigatrelearactivation

concerns in a fusion environmejii28. However, for certain welding applications, a

slight modification of the composition has proven beneficial, with an increased Zr content

of 0.1-0.2 wt.% and a restricted Cr range of-0.8wt.%[103. This adjustment enhances

wel dability while maintaining the alloyods
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The precisecontrol of impurities is ldo essential in terms of weldinguality and
resistance to embrittlemeriRegardingCd, unusal levels of porosity ifCuCrZr welds
between the lid and the base plate were observetirged to Cd impuritie221]. The
recommendedaximumvalue forCdis below5 ppm.ThemaximumO limit of 25 ppm
differs from the <10 ppntypically specifiedfor Cl-OFHC, which iscommonly used in
welding operations. Thdifferenceis due to the presence of Zr and @ggetter nature.
This allows for slightly higheiO concentrationsvithout compromising performance
[220. However, maintaining a low O content is essential to prevent the formation of
CwO precipitates which could degrade thermal conductivity, as previously discussed.
Regarding Co, its content is strictly regulated for al@ssel components of ITER and
other thermonclear fusion reactors to minin@sthe generation of activated corrosion
productg128 220.

Moreover,the P content must be maintainad low as possible due to fisomotion of
Cr-Zr-P precipitateswhich remairstable atypical solution annealing temperatufé&s1i,

227. Theseprecipitates reduce the amount of Cr and Zr available for precipitation
hardening, potentially compromising the mechanical performance of the alloy.

The heat treatment procedures defined feCi@CrZr largelyfollow those established for
C18150, as described in sect@i.4and the ITER MPH and database of CuCilA].
The primary treatmentSAA) consists of solution aealing (980 °C, 60 min) water
guenching, and agein@@75 °C, 3 I, with the optimised temperatures and times
determined to ensure the controlled precipitation of Cr andcHr phases, which
enhances mechanical strength and maintains high thermal ceitguktowever, in the
context of ITER and DEMOcdlesigned requirementiictate the joining of 18CuCrZr
parts with other structural and plasfia@ing materials, which is often achieved throug
solid-state diffusion bondingparticularly Hot Isostatic Pressg (HIP) [223 224]. This
process introduces aadditional thermal exposur¢hat altes the microstructure
devebped through thénitial heat treatments anday havea detrimental effect on the
integrity or service lifeof thecomponents.

For instance, Li et aJ]14(Q explored the effect of additional thermal exposure on CuCrZr

in the SAA condition. They subjected SAZUCrZr to a sequence known as SCA
(Solutionannealing+ HIP + ageing)102), which includes &IP treatment (1040 °C, 140
MPa, 2 h), followed bygolution annealing980 °C, 30 min) with a slow cooling rate (50

80 °C/min) between 980 °C and 500 °C, and finally a 86@&geing treatment for 2 h.

The HIP at 1040 °C simulated the joining process between CuCrZr and the structural
material stainless steel 316L(N), while the 560 °C/2 h ageing treatment simulated the HIP
process for joining CuCrZr with beryllium (it should boted that beryllium is no longer

be used, shifting towards a full tungsten divertor configuration as detaileection

1.2.6.

The microstructure obtainedtaf this specific heat treatment, designed to replicate the
component assembly process, is presenteéign 2.20. The micrograph reveals a
substantial grain growth, with grain sizes exceeding 500 um, compared to the ~30 um
values observed in the SAA condition (sEg. 2.14). Regarding precipitates, as
previously discussed in the descriptionFaf. 2.11, the Crrich predgpitates coarsen
significantly, increasing in sizeom approximately 3 nmp to 9 nmwhile their density
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decreases. These results illustrate the effects of overageing in CuCrZr, highlighting the
potential implications on its microstructusthbility and mechanical performance.

Figure 2.20 Opticalmicrograph from a C18150 alloy (Gu84Cr0.14Zr wt.%, ITERGrade) showing the
microstructure aftera heat treatment sequence designed to simulate the assembly process of ITER
components. The material wiadtially in the SAA conditioand subsequentsubjected to HIP at 1040 °C

for 2h (140 MPa), solution annealing at 980 °C for 30 rfatipwed byslow cooling rate (5680 °C/min)
between 980 °C and 500 °C, afinkl ageing at 560 °C for 2 pL40.

Therefore,it can be assumed that joining processes such as ggeldIR, and brazing

can significantly compromise both the mechanical performance and thermal conductivity
of IG-CuCrZr. The additional thermal exposure associated with these techniques leads to
grain coarsening and precipitate coalescence, reducing dutivefhess of precipitation
strengthening and potentially degrading hessigation properties. Thuscareful
consideration of pogbining heat treatments is essential to mitigate these effects and
ensure the longerm reliability of IGCuCrZr components fusion reactor applications.

Nevertheless, even in an overageing conditiorCI&rZr has demonstrated sufficiently
high UTS for structural applications in ITER HHF components, as confirmed by
structural analyses and prototype tesfiMf]. While overageingloesmpactmechanical
performance, the resulting properties renveithhin acceptable limits for ITERperation.

Fig. 2.21 compares the recommended minimum tensile propertiesinfSand yield
strength ($min) of IG-CuCrZr in the overaged conditionith those of the alloy in the
SAA condition

69



Su, Sy, MPa

Su, min, SAA treatment
400 :
L = = =35y min, SAA treatment
[ \ Su, min, SAoverA treatment
I \ = = Sy, min, SAoverA treatment
300
L B N \""h.
200 -
L — -
E—— - — — = - < \
I B i N
100
D i " i i i L L k " i i i
0 100 200 300 400 500

Test Temperature, °C

Figure 2.21 Comparison of the recommended minimum ultimate tensile strength (U&i$,a8d yield

strength (YS, iy for IG-CuCrZr in the overaged condition versus the solution annealed and aged (SAA)

condition[142].

An alternative heat treatment strategy to further enhancedbbkanical properties of G
CuCrZr is the SAcwA (Solution annealing + cold work + ageing) treatmdiit, [which
introduces a cold working step {4®%) while the material is in the solution annealed
state. This process combines precipitation strengthening, characteristic of CuCrZr alloys,
with deformation hardening. The plastic deformation refines the straciure and
increases dislocation density, providing additional strengthévefaye the final ageing
treatment at the optimal temperature of 475°C for approximatblyurs. As expected,
the mechanicaproperties achieved with this process are sup¢oidhose of both the
SAA and SCA conditions, as will be detailed later in this section.

Currently, the manufacturing process of HHF divertor targets for ITER and DEMO

includes an additional Hot Radial Pressing (HRP) step at 600 °C for 2 hours, following

the SAcwA treatment, to join the CuCrZr heat sink pipe to the W monoblock through a

cast OFHGCCu interlayer 99]. Fig. 1.16(a) and Fig.1.16(b) show the two reference
designs established as standards for DEMO and ITER, respect®g@lyThe HRP

process is carried out under vacuum by applying an internal pressure of 50 MPa using
argon gas inside the CuCrZr pipe. As has been emphasised earlier, this additienal post

build treatment can induce microstructural changes in the CuCrZr heat sink, which h

led to the implementation of a CuCrZr testing programme that includes a dedicated post

bui
HRP.

d

heat treat ment

designed

t o

S i

mu |

Internal EUROfusion activities determined that the CuCrZr plates employehis
testing campaign required an additional heat treatment at 580 °C for 2 hours, as this
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condition applied to a CuCrZr plate was found to better emulate the mechanical response
of a CuCrZr pipe after the HRP joininB43. At present, validation and qualification of
CuCrzri through fatigue, creep, fracture toughness and tensile tésanegoeing carried

out on material subjected to this SAcwA80 °C condition, in order to closely reproduce

the actual operational state of the material.

During the ITER Engineering Design Activity, an extensive database-GUIGZr alloy
properties was compiled. Particular emphasis was placed on ensuring lihe anda
traceability of the data, including detailed informatatout test conditions, data sources,

and other relevant parameters. The data assessment followed the procedures outlined in
the ITER Structural Design Criteria for -Messel Components (SD@TC) [22€).
According to these criteria, the minimum value of a material property is defined as the
lower bound within a 95% confidence interval, @msg that 97.5% of the population
exceeds this minimumwalue

The MPH of IGCuCrZr compiéddesign curves that illustrate the relationships between
material properties and testing temperatdmesiG-CuCrZr subjected to typical heat
treatments In order b mitigate the influence of differences associated to material
processing or testing conditions in different laboratories, agdacantee the reliability

of these curvesthe selected literature was rigorously evaluated to fill in any missing
details andverify the validity of the resultsCompliancewith international testing
standards such as ASTM standards was also endiniegrocess involved gathering and
reassessing the data to propose average curves that cefhststent mechanical and
physicalproperties, while minimum desigurves were established by applying a margin
of 1.96 times the standard deviation, in accordance with the ITERISZ26], ensuring

a 95% confidence level.

Fig. 2.22 to 2.25 showdatasetsll ustratingthe relationships betwedansile properties
and temperature for CuCrZr subjected to typical heat treatieitsl 40 141, 144155
227). Specifically, Fig2.22 shows the variation of YS, Fig.23 presents th&TS, Fig.
2.24 displays the elastic modulus (EBnd Fig 2.25 illustrates the elongation capacity,
distinguishing between uniform elongatiddE, measured at UTS) and total elongation
(TE, measured at fractureyhese graphs have been retrieved from R 7| but the
corresponding specific reference for eactagmint is properly indicated.

In addition, Table 2.4 summarizes the ITER mechanical requirements for Cu@sZr
outlined inAppendix A to the ITER SDAC [228], considering any degradation due to
manufacturing thermal cycles durirrgactor assemblyThe tablealso includesthe

average and minimuntensile properties forboth the SAA andSAcwA conditions
Furthermore, ardnesgecommendation for ITER2RY are provided in the last row of

the table to offer a broader persTheseti ve
datacollectively offer a detailecbverview of the material's behauounder varying
conditions.
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Figure 2.22 Yield strength (YS) of KEuCrZr as a function of temperature, as reported in the ITER MPH
of CuCrZr[102. Data points compiled from Refdl40, 141, 144147).
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Figure 2.23 Ultimate Tensile Strength (UTS) of lQUCrZr as a function of temperature, as reported in
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Table 2.4 ITERoriented minimum properties (ITER requirements) forGGCrZr. Additionally, the
average properties for SAA (Solution Annealed Agdd condition) CuCrZr, and the minimum properties
for SAcwA (Solution Annealed, cold worked and Aged condition) CuCeZprovided 228. The elastic
modulus values and hardness val{229 are also included (NR: Not Reported).

ITER requirements SAA CuCrZr SA(?WA CuCrZr
(average values) (minimum values)
20°C 250°C 350°C | 20°C 250°C 350°C | 20°C 250°C 350°C

UTS 280 220 194 405 315 274 452 342 307
(MPa)

YS 175 150 139 287 244 217 407 331 294
(MPa)
UE (%) NR NR NR 18.4 13.7 13.2 5.9 1.1 0
TE (%) NR NR NR 27.0 21.0 23.0 10.0 1.1 0
E (GPa) NR NR NR 125 117 110 127 115 110
HVO0.5" 126 - - - - - - .

i. The elastic modulus values are referenced to the ITER MRHICrZr [L0Z.

ii. Hardness value recommendation for@aCrZr is referenced ta2R9.

The properties listed in Tabl2.4 are provided for 20, 250 and 350 °C, as these
temperatures represent the operational range fa€UGrZr [LO§ (see sectiorl.2.6.

Given the conservative design criteria of ITER, it is expectedtligatensile property
requirements are met under both the SAA and SAcwA conditions. Cold working
increases both YS and UTS by approximately 100 Miaking it particularly suitable

for more demanding applications. However, this improvement comes at the expense of
ductility, asreflected by the uniform and total elongations.

On the other hand, alternative heat treatments such as SCA kgditicantly different
mechanical properties. Fig.22andFig. 2.23highlight the case of SCA specimens (green
data points), reported by Li et al4(, showing that their tensile properties fall below
the recommended minimum values defined for SAA and SAcwA. This degradation in
mechanicabperformance is directly linkkto the nonoptimised processing conditions,
which induce significantnicrostructurathanges

The microstructure othe SCA condition, previously shown Fig. 2.20, exhibits
excessivggrain growth.Regarding the precipitate distribution, it absresembles the
overaged condition presentedriy. 2.11(b). In this caseCr-rich precipitates grow to an
average size of approximately 9 nexceeding the optimal range Gf2nm observed in

Fig. 2.11(a). The latter corresponds to the SAA treatment with optimised parameters, as
detailed insection1.2.4 which ensures the highest mechanical strength and thermal
conductivity.
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Theelastic modulugor 1G-CuCrZr in both the SAA and SAcwA conditions is shown in

Fig. 2.24and listed in Tabl@.4. However the literature does not specify the method used

to determine this property. In the absence of this information, it is assumesl vitzat
derived directly from the slope of the tensfiessstrain curves. While aynamic
method, based on sonic measurements, is typically preferred for obtaining reliable values
of the elastic modulyshe data presented here are based on the availdiiegbions and
reports.

Alongside tensile properties, hardnéss key parameter for assessihg performance

of agehardened materials. tffers a straightforward method to estimate mechanical
strength, as it is directly correlated with yield streri@®0], and serves asfastindicator

of the quality of precipitates within the all§y terms of size and particle densitipr
ITER applications, the recommaéed hardness value of 126 H\22F reflects the
combined influence of factors such as the distribution and size-o€lCprecipitates,
grain structureglislocation density, and the absence of coarse phases or inclusions.

As illustrated in Fig2.10(a) andFig. 2.10(b), ageing within the rang#40-480 °Cyields
the bestensile properties by achievinghaarly complete precipitatiomhile minimising
theresidualCr and Zrconcentration in solid solutiorn particular ageing at 475 °@r

3 hiinaninert atmosphere followed by furnace coolprgdu@s a material with hardness
valuesranging from120to 140 HV [143. Under this condition, characterized by the
depletion of Cr and Zr from the Cu lattice, the material exhibits imgthanical strength
and highthemal conductivity, making it optimdbr fusion applicationsCombination
with deformation hardening in the S&& condition further enhances the mechanical
performancef the alloy for more demanding applications.

2.1.7. DEMO: Perspectives on High Heat Flux materials

While optimised heat treatments can enhance the mechanical strength and thermal
conductivity of CuCrZr, it has been thoroughly detailed how conventional thermo
mechanical processing imposes intrinsic limitations on microstructural control. The high
performance propertieachieved through tise treatments may degrade during reactor
assembhydue tothe available jaiing techniques. Moreover, the dislocation strengthening
provided in the SAcwA condition is typically lost during shietm annealing of Gu
basedalloys at temperatures above 3000 °C due to dislocation recovery and
recrystallization processe831].

The challenge represents a major limitation in the actual construction of ITER
components, where maintaining the microstructural integrity of CuCrZr during joining
processes is a welecognised concern2B?. For instancethe joining of large
components via HIP processing may impose slow cooling rates that can alter the
microstructure and affect the material's performaftes is the case for FW panels,
where their &rger size leads to slower cooling rates during HIP joining. In contrast,
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smaller divertor modules can be cooled more rapidly using gas, making them less
susceptible to microstructural alteratida25.

In addition, thassue of welerelated defects in CuCrZr has been known for a long time
[233, with repeated occurrencd hot cracking during electron beam welding (EBW) of
CuCrZr. Evenwith meticulous tuning of EBWparameters, mechanical performance is
usually inferior to that ofite base metal, with all tensilested samples failing in the
fusion zone and exhibiting reduced strength and ducidf]. More recent work235
presents thehallenges encountered when assembhiegCuCrZrbased Neutraliser and
Residual lon Dump (RIDxomponents for ITER. WHl-penetrationEBW was apfpied
under controlled and highlypptimised processing conditisn yet the presence of
microcracks at the centre of the weld seam could not be avoided, as shog2ip6(a)
andFig. 2.26(b) [235.

Figure 2.26 Images fromdoshi et al. 39 illustrating typical weldingrelated defects observed in CuCrzr
components fabricated for ITERa) Crosssectional micrograph of the electron beam weld between the
Neutraliser base plate anits plugtube, revealing microcracks originating at the centre of the fusion zone.
(b) Radiographic image of a typical-€hapedconnector from the Residual lon Dump (RID), showing
internal defects aligned along the weld seam.

As previously discussed, Hot Radial Pressing (HRP) is the reference method currently
foreseen for the fabricatioof HHF divertor monoblocks, enabling the joining of W
armour blocks to CuCrZr cooling pipes via a cast OFEiCinterlayer (Figl1.15). In a

recent study, You et al28§ manufactured a smadicale divertor mockip by joining
four tungsten blocks to a CuCrZr <cooling
soft OFHGCu interlayer to accommodate thernsitain mismatch. Initial neutron
diffraction measurements revealed low residual stresses throughout the component.
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However, after cyclicHHF t est i n g2 imthe GRADISNGAl/ching LArge

Dlvertor Sample test facility, at IPP Garching, Germany) fgcsignificant stress build

up was observed in the tungsten armour block, wdmpressive stresses reaching

800 MPa near the interl ayer. I n addition, U
at the interface edges, where stress concentration estexp

Taken together, these findingeiin different joining approachéswhether HIP, EBW,

or HRP1 demonstrate that joiniagpduced degradation in CuCrZr is not an isolated
concern, but a persistent and unresolved issue in current fusion component
manufaturing. The fact that such issues are already present in ITER underscores the need
for improved joining strategies capable of ensuring{targn structural integrity in future

fusion reactors such as DEMO.

Regarding the neutron irradiation effects, secfid®?.6details the extreme dose levels
experienced by materials in DEMO and subsequent fusion reactorsl(Ely. This
exposure will inevitably lead to multiple welbcumented effects. In particular,
irradiation at temperatures below 275 °C induces significant chaingesaterials
properties, with the most critical being a severe loss of ductility. Even at relatively low
doses (up to 1.5 dpa), uniform elongation decreases frog0¥%in the unirradiated state

to <1% after irradiation at approximately 80 2, 146. This phenomenon is clearly
observed in the tensile graph provided byet al. 140 and shown in Fig2.27, which
shows several tensile curves of CuCrZr specimens in the SAA conditimnadiated
(speci men Al0), irradiated to 0.14 dpa (spc¢
1.5 dpa (CsZp3edc iamedn shi CFZz 4 0) .
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Figure 2.27 Engineering stresstrain curves of CuCrZspecimens in the SAA condition and irradiated to
different damage levels (0.14 and 1.5 dpa) at approximately 804Q. [
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Remarkably this drastic reduction in dtility is not accompanied by a loss in fracture
toughness, whichemains above 100 MPath In addition, the steadstate volumetric
swelling rate in irradiated pure Cu‘%.5%/dpa, and the observed void swelling shown
by CuCrZr in fission neutromradiated specimens is considered acceptable for moderate
dose DEMO application2B1].

Interestingly, Edwards et al.19q reported mitigated lowemperatureirradiation

induced embrittlement when relatively larger precipitates are obtained. The deformation
mechanism of these precipitates is controlled by the Orowan mechanism, as they can no
longer be sheared by gliding dislocations. Consequently, the creattmwén loops as
dislocations bypass these precipitates can promote dislocation multiplication. In other
words, the material's woitkardening capacity increases due to the greater availability of
newly generated dislocation837-239.

Anotherconcern forirradiatedHHF materials in DEMO is the degradation of thermal
conductvity [231, 240-243. This phenomenon is primarily attributed to the formatbn
voids and transmutatieimduced slutes, which increase electron scattering and reduce
thermal transport efficiency. Additionally, the accumulation of transmutation elements
introduces new challengem terms of radiological activationrequiing careful
management in reactor operatiordamaintenance2d4. Some of these can suppose
concerns in the case atcidents such as coolant legR&Cu and®Cu isotopes, with
relatively shortalf-lifes values 0.7 minutes and 12days respectivelyand®°Co, with

a halflife value of 5.27 years), whil€Ni must significantly considered in the waste
disposal and recycling of reactor components with allalfime of 100 years.

Given the severe loss of ductility observed in CuCrZr under neutnaadiation at
temperatures below 275 °C, DEMO components made fromatlog may need to
operate at higher temperatures to mitigate embrittlentéowever, due to their high
atomic diffusivity, Cu based alloys are inherently prone to thermal cré&d|[ In
particular creep becomes a concern ak T®"V (& 540 °C), where™V is the melting
temperature of Cu, making loxigrm structural stability a critical issue. In fact,
experimental data indicate that the onset of creep deformationlim$&ad alloys occurs
at temperatures as low as 3000 °Cduring tensile tests at strain rates off 53 [125.
For engineering relevant strain rates (2%0), this threshold temperatuneuld be even
lower.

Thecreep behaviowf CuCrZr wascharacterized bipreston et al 246, who performed
constant load creep tests in an inert atmosphere at 300°C, applying stresees hétv
and 275 MPa. The results, presentelim 2.28, show thatCuCrZr exhibits measurable
creep deformation within engineeringlevant stress levels, with failure times ranging
from 100 to over 10,000 hours depending on the applied siésktionally, creep
fatigue tests conducted under fomntrolled cycling revealed a substantial reduction in
lifetime when hold times were introduced at peak tensile sfféssfigure also includes
data for GlidCop A25, showing that CuCrZr exhibits superioeep resistance across
the entire stress range.
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Figure 2.28 Creep rupture life of CuCrZr and GlidCop-8b as a function of applied stress at 300 °C
[2486].

Unlike otherhigh-temperature degradati mechanisms, this softening@éiCrZr is not
linked to precipitation coarsenin@s precipitatesremain relatively stable at the
temperatureswhere the onset of creepoftening is observed231]]. Instead, this
phenomenonis attributedto the increased mobility of vacanciesd dislocations,
particulaty dislocation climbing, which activates dislocation creep and grain boundary
sliding mechanismf245. Consequentlystrategiego enhancereep resistance in €u
based alloys focus on inhibiting grain boundary slidingpugh the incorporation of
relatively large precipitates at grain boundar&$7] 248250 .

Therefore, an optimisedicrostructural design to achieligh mechanical strengthigh
thermalconductivity, good fracture toughnesadiation resistancandimprovedcreep
strengthcould be based on himodal precipitatedistribution [125 247-25(. This
approach would involve a moderate density of grain boundary par(iDE3® nn)
combined with ahigh density of finescale matrix precipitates(D10 nn), balancing
conventional precipitation hardening, resistance to radiatidnced embrittlement
[196], and additional improved creeprength.Notably, the finescale matrix particles
also ontribute to radiatiorresistance by facilitating the recombination of neutron
irradiationinduced vacancies and interstitif#gl9.

Anyway, the challenges associated with HHF matenmaBEMO require the search of
alternative and improved approaches, both in terms of developing noviehsed
materials and exploring advanced manufacturing methods that allow obtaining tailored
materials Among the materials being investigat@)S Cubasdhave been considered

due to their enhanced creep resistance and thermal stability. However, their application
remains challenging in terms of processing and joiniethods.

79



Conventional joining technologies such as fusion welding and electron \Wweklimg

cannot be used due to the high heat input during the welding process, which leads to
degradation of the strengthening characteristicshe ODS Cu parent metal and a
reduction in the mechanical properties of welded joi@gl][ Furthermore, diffusion
welding has not yielded reliable results, limiting its applicability for structural
components[251]. To overcome these challenges, alternatsadid-state joining
techniquesvith the capacity of preserve the microstructural integuig/being explored,

such as friction stir welding (FSW252 253 and explosive weldin¢although this one

is limited to plategeometries)251].

Rather than merely adapting existing materials and joining techniques to meet extreme
demands of DEMO, an alternative approach is to rethink material fabrication itself.
Additive Manufacturing (AM)has gained increased attention in the regeats as an
advanced manufacturing method with multiple benefits. The ptaguof complex
geometries andet shape partss undeniable attractive when manufacturing high heat
flux and heat exchange devices. Moreover, AM techniques such as Powder Bed Fusion
introduceunprecedented methodologies that provide numerous advantages in the case in
point.Given these promising capabilities, AM has been proposed as an alternative method
for the fabrication of variousomponents and materials used in nuclear fusion reactors
[125. The next section of this staté-the-art will delve into the potential of AM for
developingCu-based alloys for demanding fusion reactor applications.

In this contextAM emerges not only as a promising technique for shaping complex forms
but also for its potential to refine and retain fine precipitate distribsi(arly for certain
powder bed fusion variasmtsuch as electron beam powder bed fysibhe very nature

of the additive manufacturing process, which involves rapid melting and solidification of
the material, helps to preserve a fine dispersion of precipitates. This is particularly
advantageous as printed materials can exhibit excellent mieahproperties directly in

their asbuilt state, without the need for additional heat treatments that could compromise
the desired microstructure. This aspect will be explored in detail in the following sections,
where we will discuss the specific advages and challenges associated with additive
manufacturing of CACr-Zr alloys for applications in extreme environments such as those
found in fusion reactors.

2.2. Additive manufacturing (AM)

The developmenof high-performance materials capable of withstaigdthe extreme
thermal and mechanical loads expected in DEMO is one of the key challenges in fusion
reactor degjn. As previously discussed saction2.1.7, conventional fabrication routes

for precipitationstrengthened Cbased alloys such as 4GuCrZr pose significant
limitations in terms of thermal stability, microstructural tailoring andij@ constraints.
These drawbacks are particularly critical in the case of HHF components, where
geometrical constraints and thermal management requirements demand not only
materials with high thermal and mechanical performance, budaksign flexibility. In
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this context, Additive Manufacturing (AM) emerges as a promising alternative to rethink
both the fabrication and the performance of structural and functional materials for fusion
reactors.

According to ISO/ASTM 52900:2012%4 standard (latest revision in 20225F)), AM

refers to the process of joining materials to make parts from 3D model data, usually layer
upon layer, as oppodéo subtractive manufacturing technologi€his terminology was
formally adopted following the increasing use of AM technologies across various
engineering disciplines, prompting the collaboration between ISO and ASTM
organizations to establish a unified framework and vocabulary.

One of the defining features of AM is its atyilto fabricate parts with highly complex
geometries that would be difficdlt or in some cases impossililéo achieve through
conventional methods. This increased design freedom is particularly advantageous for
components with intricate internal struets, conformal cooling channels, or ron
standard topologies, which are often required in advanced thermal management systems.
A notable example of this geometric potential is the combination of AM with topology
optimization techniques, which has been sssfidly applied in aerospace engineering to
produce components that are both lighter and mechanically more effi2i2b7].

Readers interested $pecificapplications are referred @56, where several case studies
illustrate this synergy.

Over the yearsAM has reached a high level of maturity, driven by its adoption and
continuous development within engineering domains where performance, reliability, and

design flexibility are critical. Sectors such as aerosp2e® 259, biomedical 67, and

automotive 261, 262 have played a key role in pushing the boundaries of AM, taking
advantage of its capabilities to fabricate lightweight components, papenific

implants, and custom or lewolume parts vih complex geometries. This industrial
consolidation is reflected in the AM indust
the Wohlers report 202%263 (published by Wohlers Associates in collaboration with

ASTM International), the global AM markevas valued at $21.9 billion in 2024,
representing a 9.1% increase from the previous year.

Thenuclear fusion field has also paid increasing attention to the améidipatential of

AM, with initiatives led by the EUROfusion Consortium and thieler international
fusion community texplore thedevelopment of fusiorrelevant materials using a range

of AM techniques264-271]. Notably, ten years ago,BZinkle [125 proposed the use

of AM for the processing of precipttan-hardened alloys, aimingot only to exploit its
geometric freedm and integration benefjtbut also to achieve tailored or even improved
microstructures for moderatemperature fusion applicationsThis early vision
anticipated many of thehallenges that fusion materials research faces today, and
highlighted AM as a transformative tool not just for fabrication, but also for
microstructural engineering.
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2.2.1. Drivers and context for the use of AM in fusion materials and components

AM offers a seéof inherent advantages that make it particularly attractive for engineering
applications involving thermal management, structural complexity, or material
efficiency. These include the ability to fabricate net shape parts with complex internal
features, @duce the number of joining operations, minimise material waste, and promote
sustainable design through circular manufacturing strategies. Such capabdiies
driven the interest in AM across a wide range of industries, as previously mentioned.

An oftenoverlooked advantage of AM relates to its potential contribution to the
sustainable design of nuclear components. AM is already recognized for its role in
sustainability, particularly through enabling circular design strategies that extend lifespan
by fadlitating repairs and upgrades, even for items not originally designed with
adaptability in mind 272, 273. In the nuclear sector, where a large inventory of spare
parts is essential, AM offers the capability to rapidly produce components on demand,
provided that a welinaintained stock of pralloyed powders for the relentareactor
materials is available.

Anotherkey motivation for exploring AM in the context of fusion lies in addressing the
long-standing challenges associated with joining techni@jugsch as welding, HIP, or
HRP1 especially when dealing withtricategeometries. The ability to directly fabricate
complex nesshape parts offers a clear benefit when compared to conventional
manufactuing routes, where such desigrfsen require multiple bonded pieces and may
lead to issues like those illustrated in .R2@6(a) andFig. 2.26(b). This is particularly
relevant for the produion ofadvancedHHF components (i.e., heat exchangers), where
the internal cooling channels are not only difficult to machine, but increasingly so as the
geometry becomes more compléi allows for these channels to be integrated directly
during fabricéion [274-276].

Overall, AM allows for greater efficiency in the utilisation of raw materials, reducing the
need forextensive machining and mininmg material wasteln heat management
systems, reductions of both volume and mass by more than 50% have already been
achieved through the fabrication of compact components with embedded cooling
channels277). Even small improvements in thermal management efficiency can have a
substantial impact on the performance and reliability of complex systems. For instance,
in electric vehicles, better heabntrol contributes to enhanced motor and battery
performance, improved electronics reliability, and overall sa&tg [

HHF components are typically composefdddferent materials, each fulfilling specific
rolesin terms of thermal management, structural integrity, or plasma interaction. As
outlined in sectiord.2.6 candidate materials include RAFM steels for structural support,
precipitationhardened Cidpased alloys such as4GuCrZr for efficient heat extraction,
and W as the primary plasma facing material due to its high melting point and low
sputtering yield.

The fabrication of neshape parts using materials such asCl&CrZr or RAFM steels
directly benefits from the high geometrical freedom enabled by AM, significantly
reducing the need for joining operatidnthereby lowering the risk of mechanical failure
[264, 269. On the other hand, the use of AM for-Mdsed plasma facing tegials is
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particularly attractive due to the intrinsic challenges associated with its conventional
processing. W is extremely hard and brittle, which makeshanicamachining such as
milling and turningpoth difficult and timeconsuming. Moreover, traditional fabrication
methods such as casting often lead to hot cracking during solidification and the formation
of porosity in the final partZ66-269.

Beyond the advantages related to joining reductioegeometrical flexibility offered by

AM is patrticularly beneficial ingplications involving advanced thermal management. In
such contexts, heat exchangers are a key component class, where design tyoisiplexi
often essential to maximagperformance. Studies tieat exchangergenerally fall into

two main categories: the firexplores integrated configurations such as efiosg and
paralletflow exchangers, microchannel networks, and other structured layouts; the
secondnvestigates discrete design elements intended to enhance heat transfer, including
pin-fins, dimples, ribsprotrusions, metgbam inserts, helical or twisted tape inserts, and
vortex generator2[/9-285. Importantly, AM facilitates the fabrication of these intricate
features and naturally enablstsuctures with high surfage-volume ratios, which are

key to improving heat transfer efficiency in compact systems.

Several studies across different engineering sectors have demonstrated the potential of
AM to significantly enhance thermal managemémotigh theuseof complex, tailored
geometries. For instance, Arie et 2B reported heat transfer improvements of328%6

when replacing conventional plate heatchangers with AM designs incorporating
embedded channels. In a different application, Aris et2@7][achieved up to 90%
increase in heat transfer M -fabricated micrescale heat exchangers using shape
memory alloy (TiNi), highlighting the advantages of fine interfedtures and high
surfaceto-volume ratios.

Moreover, the design freedom enabled by AM opens new possibilities for highly
demanding heahanagement scenarios, such as f@ffitiency heat sinks and injection
moulds with stringent thermal requirements. In such applicatidhkallows for the
integration ofcomplex internal cooling pathways while eliminating the need for joining
operations 288 289. These gains are particukanelevant in the context of compact or
weightconstrained systems, such as those encountered wpéitgrmance electronics,
aerospace, or fusion energy devices.

While the design of such complex geometries lies beyond the scope of the present work,
the previously discussed examples highlight the type of challenge®hhist positioned

to address, and exemplify the rationale behind its use in the presentAstatigction of
example componentsnanufactured using different AM techniques is included in
Fig. 2.29, illustrating the design possibilities currently explored i fibld of advanced

heat exchanger290-295.
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Figure 2.29 Examples of additively manufactured components for advanced heat exchanger applications,
illustrating thediversity of materials, AM techniques, and design strategies explored in recent literature
(a) Thinfin heat sink of \ACu [29G; (b) Air-cooled AlISi10Mg heat exchger integrated within the nacelle

of a high altitude solaelectric aircraft [291]; (c) Topologyoptimised carbon steel lattice structure for
liquid cooling[292; (d) Compact cros$low heat exchanger core in AlSI 316L stainless qt2@8; (e)
Varioussheeyroid-based AlSi10Mg heat exchanger sampiéfgring high surfaceo-volume ratios and
continuous, interconnected flow patf294; (f) Ultra-compact tubén-tube AISi1OMg heat exchanger
optimised via genetic algorithfi295.

As discussed in sectiah?2.6 the current HHF target concept considered for DEMO is
based on W monoblocks with internally swirled CuCrZr pipes, a similar design to that
adopted in ITER, with the main difference being tduced armour dimensions (Fig.
1.15, target concept for ITER; and Fiy16(a), target concept for DEMP95]. However,
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alternative cooling architectures with enhanced thermal management performance are
also under consideration, including legacy designs such as the hypervapotron, which has
regainedattention for potential use in the Enhanced Heat Flux First Wall (EHF FW)
panels and Divertor Dome PlastRacing Units

Originally derived from klystron tube cooling syster@9§, the hypervapotron was later

adapted for ITER PFCsl]lZ. Its design incorporates transverse ke fins that

enhance subcooled boilingandenad t he r emov al of hed&t fluxe
under reactarelevant conditions97). However, its thermal performance has proven to

be highlysensitive to the quality of the bonding interfaces, with poor joints leading to
significant degradation under cyclic thermal loa@9g. To illustrate this concep

Fig. 2.30 [299 shows a schematic drawing of a hypervapotron ngothannel, while

Fig. 231 [30( presents a photograph of a CuCrZr prototype fabricated using
conventional methods.

HYV front view HYV side view

Inm _ Fin structured length: 100mm
| B BN |

«> Fin heightptmm 0 o\,

Figure 2.30 Schematic of a hypervapotron cooliaganneldesigned for fusion applications. The concept
featuressquare internal fins integrated into a CuCrZr heat sink to enhance subcooled boiling and heat
transfer under onsided heating conditions. Dimensions and layout are representative of desigosaut

for PFCs[299.

Top Plate

- Bottom Plate
-\.

Coupling through brazing

i

Figure 2.31 Photograph of a fabricated CuCrZr hypervapotron prototypeanufactured using
conventional brazing technique3dd.
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The manufacturing of such intricate internal geometries has traditionally required
complex,multi-step féorication and assembly predures In contrast, AM offers a way

to revisit and potentially improve these architectures by enabling monolithic fabrication,
thereby reducing reliance on critical joining operations and enharstiugtural
reliability.

A remarkable example of thipotential has been recently demonstrated within the
EUROfusion framework by Antusch et aR€g, who developed and tested three
advanced divertor moelps using various combinations of AM techniques for both the
W armour and the Cu cooling structures. In all three configurations, the W armour was
fabricated via Powder Bed Fusion Electron Beam {EBF-see sectio.2.3) on top of

a lattice structure, which was subsequently infiltrated with pure I€uheir most
sophisticated configuration (modalp 1l1), theinfiltrated W-Cu base was then flipped and
reintroduced into #owder Bed FusiohaserBeam(PBFLB, see sectio.2.3 system

to directly print a pure Cu hypematrortlike cooling structure onto the infiltrated-\@Wu
base, resulting in a fully integrated megk without any additional joining steps.
Fig. 2.32 provides a schematic overview of the Adsed fabrication route used for
mockup 111

Mock-up Il

Infiltration of the W grid with pure Cu
Machining of the Cu contour

Flat-tiles » mmm

W grid

'y A
Printing of the Flat-tiles made of W ({ /)
via Electron Beam Melting (EBM) 1

Printing of the cooling structure made of pure Cu via Selective
Laser Melting (SLM) on the Cu infiltrated W grid

Figure 2.32 Schematic representation of the Aldsed fabrication route used for megg Il in Antusch
etal. [268. A W flat-tile grid structure is first fabricated via PBEB and subsequently infiltrated with
pure Cu. Thecomponent is then flipped and reintroduced into a RBFsystem to directly prina
hypervapotrodike Cu cooling structure, resulting in a fully integrated, jeirede WCu mockup.

This innovative fabrication route illustrates the capacity of AM not only to simplify
manufacturing but also to enable novel architecturesatbald be exremely difficult to
achieveby conventional means. The three magls were subjected to high thermal
loadings at the GLADIS facility (Garching LArge Dlvertor Sample test facility, at IPP
Garching, Germany), and all withstood the HHF testing with compambkuperior
performance than conventionally manufactured counterparts2BB38.[268 displays
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infra-red (IR) images of moekp Ill during cycling at 12 MW/rh Similarly, Miiller et
al.[30]] demonstrated the fabrication of-@U cooling structures featuring honeycemb
like geometries produced via PRB and subsequently infiltration with Cu. Fig.34
shows one of these components after the Cu infiltration.

MAX-PLANCK-INSTITUT 200 MAX-PLANCK-INSTITUT

15 pulse 12 MW/m? KIT#3

Figure 2.33Infra-red (IR) images ahockup Il during HHF testing at 12 MW/nas presented in Antusch
et al. [243]. Thetest were conducted at the GLADIS facility (IPP Garching, Germany).

Figure 2.34 Photograph of a honeyconriike Wi Cu cooing structure fabricated via PBEB and Cu
infiltration, fabricated and reported by Muller et.4B01].
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Despitethe numerous advantages and recent advancements outlined throughout this
section, it is important to recognise that the additive manufacturing of Cu ahdséd

alloys i such as IGCuCrZri remains a particularly challenging taskOf]. These
challenges are rooted in intrinsic material properties that complicate their processing via
metal AM techniques. Nevertheless, the unique capabilities of AM not only offer
geometric and design freedom, but also hold significant potential for enabling engineered
microstructures tailored to enhance both thermal and mechanical performance.
Importanty, such microstructures can be specifically designed to meet the stringent
demands of fusion environments, as previously envisioned f@uGZr by S.JZinkle

[125. The following sections will introduce the main metal AM processes and set the
stage for discussing how these opportunities and the associated challenges are addressed
in the present work.

2.2.2. Additive manufacturing technologies

The joint ISO/ASTM 52900254 standard provides a comprehensive glossary of terms
and definitions for additive manufacturing, and classifies AM technologies into seven
categories based on the type of matefiegldstock and the energy source used. Each
category describes a distinctpspach by which a digital 3D model is converted into a
physical part through successive material addition. However, within the scope of this
thesis, only those AM processes capable of producing-geglormance metad
components are of interest:

(a) Material extrusionA process that involves selectively dispensing material through a
nozzle, creating the 3D object from the relative movement between a nozzle and a
substrate. Ahough this category includes conventiodd! methods ofthermoplastic
polymersand patrticlereinforced compositegFuse Deposition Modeling, FDM; and
Fused Filament Fabrication, FFF), the fabricationmmetal and ceramicomponents is

also possible by using highfilled polymers (HP) as sacrificial polymeric binde39§.
Thesebindess allow for the shaping of thmtended component; they are subsequently
removed and theremaining powder particles are fused together in a conventional
sintering step (shapingebinding and sintering process, SDS).

(b) Directed energy deposition (DEDI}: can be categorized into two groups from an
energy perspective. The former deposits fine particles directly onto a substrate with
sufficient kinetic energy to createdense coating or layer, hence the name cold spray
[304. Due to the feedstock material nature, it can be identified as a ptased
technigueThe other group fagses on thermal energsglectively melting the feedstock
material and successfully adding it onto the building platform. Depending on the nature
of the feedstock material, thermally DED processes can be classified ironp@vder

based technologies.i8ilarly, the thermal source employesdused to coherently identify
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the processes (laser beamiectron beam plasma, or electrical ardbased technologigs
These AM techniques are primarily used for the fabrication of metal components.
Electron Beam Dect Manufacturing (EBDM), Direct Laser Metal Deposition (DLMD),
Wire and Arc Additve Manufacturing (WAAM) and Hybrid Lasérc Directed Energy
Deposition (HLADED), are widespread examples of thermally DED additive
manufacturing processds. addition, conmon welding technologies like Gas Metal Arc
Welding (GMAW), Gas Tungsten Arc Welding (GTAW) or Plasma Arc Welding (PAW)
are also adapted for useWAAM DED systemsHistorically, these welding techniques
have been used for repairing damaged metallic compor&htis306. However, DED
processes like DLMD offer a novel approach by providing high precision repairs with
minimal impact on surrounding areas, aligning well with circular economy principles
[307, 309.

(c) Powder Bed Fusion (PBFJhis methocemploys a focused heat souregher a laser
beam(PBFLB) or an electron beaifi’B~EB), to selectivelyscan predefined locations
on a metallic powder bed at a controlled spa@é&e energy input fully melts the powder,
enabling it to fuse with the underlying layer and form a dense, colstsivture Powder
layers are precisely spread and compacted on a build platidrich is incrementally
lowered according to the specified layer thicknBsam pathsire definedor each layer
based on the geometry of trabsssection and the chosen soing strategyPBFLB
systemsoperate under an inert atmosphere to prevent oxidation, whPR&&EB
requiresa vacuunenvironmento avoid electron scattering by air moleculBise process
involvesrapid melting and solidificatiom a highly localized €gion of the powder bed,
generatig steepthermal gradientalong the builddirection This results in strongly nen
equilibrium microstructures that are not accessible through conventional manufacturing
methods.

(d) Binder jetting(BJT): Similar to material extrusionBJT employs aifuid binder to
consolidatepowdered material However,unlike material extrusion where a composite

of metal powders and polymeric binder is extrudk layer by layer, BD involves
selectively depositing binder droplets onto a powder bed, bonding the powder particles
together at specified locations. Subsequent debinding and conventional sintering
consolidate th@et shapgart fabricated. Compared to PBFfehnologiesBJT produces

more accurate objects and does not requstgoport structures3pP9. In addition,the
sintering step leverages mature technology with substantial knaxdedgable for many
materials of interest, making it suitable for langdume production serie§310d.
Nevertheless, implementing largeale production throughJB requires meticulous
monitoring of numerous factors, such as the quantity, quality and distribution of the
precursor powder to ensure no cressitamination occurs in storage, and that atmosphere
must be controlled to prevent oxidation. Additionally, the nder 6 s compositio
carefully managed to prevent solvent evaporation and avoid chemical reactions that could
alter its properties311].
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Among thedifferent AM technologies applicablito metals, PBBtands out as the most
widely adopted and thoroughly investigated. Its capability to produce fully dense
components with high dimensional accuracy and fine microstructural control makes it
particularly atractive for critical applicationsacross multiple industriesThe
predominance of PBF in the AM market may be influenced by a variety of factors,
including the maturity and accessibility of lagersed technologies and advanced powder
production techniquge According to a recent market analysis, PBF processes currently
account for approximately 45% of the entire additive manufacturing maské, [
underscoring theitechnological mairity and industrial relevance.

Notably, empirical studies have estimated a sustained annual performance improvement
rate of approximately 26.8% for PBF technolog%J, reflecting its rapid technological
advancement and reinforcing its position as a cornerstone in the field okkt&@iven

its technological maturity, widespread industrial use, and iggpvelevance in advanced
materials research, the remainder of this chaptdlr focus specifically on PBF
technologies. This includes an overview of the fundamental principles, process
parameters, and their influence on the final components, as wekas\a of the current
stateof-the-art for both laserand electron beathased systems, with particular emphasis

on their application to Cu and @iased alloys.

2.2.3. Powder Bed Fusion (PBF): fundamentals and process parameters

Building upon the general degation provided in the qgvious section, thipartdelves

into the key fundamentals governing PBF technologies. In these processes, a powder bed
is selectively fused laydsy-layer through the applicationf a concentrated energy
source with the aim of creating dense and geometrically complex partstlgifezm

digital models. The characteristic features of PBF include precise powder deposition,
localized melting and solidification, and tightrdrol over scanningstrategies The
intricate interplay between processing parameters, heat transfer, satiiolifidynamics,

and powder characteristicesritically determines theresulting microstructure and
performance of the final compone® thoroughunderstanding of these underlying
principles is crucial for optimizingprocess stability, enhancing materialatity, and
ensuring repeatability in PBfabricated materials.

The PBF process is carried out in a coordinated system that combines several key
components: a powder recoating mechanism, a build platform that moves down after each
layer, and a focused engrgourcei either laser or electron beam. The system operates
under tightly controlled environmental conditions, typically involving either an inert gas

or a high vacuum, depending on the energy source used. During the build process, a thin
powder layer ispread over the platform and selectively melted according to the geometry
of each crossection. After solidification, the platform is incrementally lowered and the
cycle is repeated until the part is fully formed.
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Two main variants of PBF systems dep@agddn the energy source can be used for metal
AM: laserbased PBF (PBEB) andelectron beanbased PBF (PBEB). A general
schematic representation of each system is provided.i@.Bi§f 314 andFig.2.36[315.

These diagrams illustrate the essential components of the machines and highlight some
of the most distinctive aspects of their operation. The-EBBystem consists of a high

power laser wich selectively scans the metal powder bed under an inert atmosphere. The
system includes the movable build platform, the recoatmg (typically a roller or a
blade)andthe powder supply reservoirom which the feedstock material is delivered
before ach layer is spreadispenser unit)

Recoater ~__~

Recoater blade

Building plate
- 5
32 Z-axis
] n B \4
Collector Ell"l;l J
L) Platform L] Fratform - Dispenser | =7 A
Platform

Figure 2.35 Schematic representation of a ladmsed PBF systefi314].
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Figure 2.36 Schematic representation of an electron bésmsedPBF system315.
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In contrast, the PBEB system uses a focused beam of f@gbrgy electrons, which
requires operation under high vacuum to avoid electrons scattering and ensure beam
stability. As shown inFig. 2.36 [315, the machine includes an electron column
containing a filament that emits electrons, a series of electromagnetic lenses used to
collimate, focus and deflect the beam, and a vacebhamber enclosing the build
environment. Powder deposition is carried wsihg hoppers positioned on both sides of

the build area, from which the powder is raked across the platform.

Operating in vacuum not only ensures bestability andcontrol, but also mininses
powder oxidation and reduces the risk of gasrapment duringsolidification. Gas
entrapment has been associated witk t#fdusiondefects and residual porosity, which

in turn can degrade the quality of the final component by reducing both its mechanical
performance and functional properties (by reducing therroatlactivity) [316-31§].
Considering this, PBEB offers an inherent adntage for processing metals with high
oxygen affinity, such as Cu, where oxidation during fabrication can significantly affect
density, microstructure and thermal properties.

Residual porosity in the dsuilt material is a critical aspect in AM process&goiding

such defects requires accurately balancing the process parameters, which ultimately
control the amount of energy delivered to the metal powder bed. The equation governing
the average applied energiensity E [J/m?] during the scanning of a layer can be
expressd as followdor the PBFLB process319:

v (2.2)
0 JQDH

WhereP is the laser powelY], v is the scanning velocity [m/sh is the hatch distance

[m], i.e., the spacing between adjacent scan tracks within a givendagkiis the layer
thickness [m].As mentioned, the interaction between process parameters results in a
complex mutual dependency that ultimately modifies the energy density applied to the
powder bed. This energy input can be interpreted in terncharfacteristic processing
regimes, depading on whether it is sufficient, insufficient, or excessiveay. Ri37.
illustrates this concept with an example o6HI-4V laserbased processing14], where

the relationship between scanning speed and laser power defines distinct regions
corresponding to: fully dense parameters (Zone I),-ovdting (Zone II), incomplete
melting (Zone Ill), and overheating (Zone OH).

While such diagrams are helpfdrfillustrating the influence of energy input, it should

be noted that they assume constant values for other key parameters, such as hatch distance
and layer thickness, which also influence the effective energy delivered to the powder
bed. This representan is, of course, a simplification energy absorption and melting
dynamics are also affected by other factors such as beam spot size, powder morphology,
and thermal properties. Nevertheless, it provides a useful framework for understanding
the general lationshipbetween process parameters and defect formation.
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Figure 2.37 Process parameter window for the production 6bAi-4V via PBFLB. Separated regions
are distinctive in terms of th@rocessing scanning speed and laser powder, defined as zones | (fully dense),
Il (over-melting), Il (incomplete melting) and Old\erheating) 814.

During the méing of the powder bed, a localized molten region calledie# poolis
created, as illustrated in Fig.38(a) [314]. Its size, shape and continuity are directly
governed by the interaction between the procegsargmeters, and vary significantly
depending on the energy regime. Insufficient energy input (Zone IlI) results in small and
discontinuous melt pools that hinder proper fusion between adjacent scan tracks. This
phenomenon is schematically illustrated i.R2.38(b) [314], where no overlapping
between melt pools is observed. The resulting microstructure in this regime is featured
by localized lack of fusion defects and grain boundary cracks, such as those reported by
Felicioni et al. 820 in PBFEB-processed CuCrZr, and illustrated in F239%a) and

Fig. 2.39(b).

a ) Laser bea Viaser b)
Hatch Line Melt Pool
Solidified metal Melt pool Powder )
e i
/ Hatch spacing—f \
ST * @ g
=—= Vme/r pool

No overlap

Figure 2.38 (a) Schematic representation of tmelting process and melt pool morpholo@i 4. (b) Top
view of two adjacent hatch lines with discontinuous melt pools due to insufficient energy input (Zone llI
from Figure 2.36.). 314].
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Figure 2.39 Examples of typical defectdbserved under insufficient energy input conditioB2(: (a)
Lackof-fusion porosity and (b) grain boundary cracking@aCrZr processed by PBEB.

On the other handxeessive energy input (Zone Il) haimilar effects on the final relative
density, as it also promotes the formation of poraaity internal crackdn this case, the

melt pool becomes excessively large and unstable due to intense vaporization and the
resulting vapourecoil pressure314]. This condition can lead to the ejection of molten
material, which rapidly solidifies above the build platform as spherical spatters. Some of
these particles may $e with the top surface, while others are removed by the recoating
blade, leaving behind pits. These surface imperfections can later be trapped in subsequent
layers, giving rise to randomly distributed porosiore recently, studies such as those

by Donget al. 17, Felicioni et al. 820, and Li et al. 821] have shown that, when the
overmelting conditionis not excessive, the resulting microstructure can estitlibit

relative densities close 89%. In such cases, the residual porosity typically consists of
isolated, spherical micropores.

However, the process is not fully efficient, as not all photons from the laser beam are
absorbedand their energy transmittday the powder bed. The actual ege absorbed
dependprimarily on the optical properties of the material, particularly its reflectivity and
surface conditionAs a result, different metals require different processing conditions to
achieve sufficient melting; for instanc&l and W exhibit lower absorptivity than
stainless steglnd therefore require higher power inputs to reach comparable energy
absorption levels322.

In addition, Boley et al.316 showed that energy absorption across the powder bed is
also highly noruniform. Using raytracing simulations, they demonstratedt tmest of

the laser energy is absorbed within the top powder layer, and that local variations in
powder morphology and beam interaction give rise to significant fluctuations in absorbed
energy. These neaniformities can result in partial melting of pal#s, unstable melt

pool dynamics, and the formation of resatiporosity and surface defects.

In the case of Cu and its alloys, a major challenge arises due to their inherently high
reflectance at the typical emission wavelengths used in -based system
(approximately 905% under infraed (IR) irradiation) 323 324, combined with their
high thermal conductivityln addition, their high thermal conductivitgnds to rapidly
dissipate the absorbed heat throughout the material, which can hinder thapbaiid
sufficient local temperatures in the powder bed to induce complete melting. This
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combination increases the risk of lack of fusion defects and makes full melting more
difficult. Several strategies have been proposed to address these limitationd| bed w
discussed in detail in sectidh2.5 In contrast, the electron bedmsed PBF process
offers a significant advantage in this regard, as it is less affegtegtical reflectivity

and benefits from improved energy coupling under vacuum conditions.

Unlike PBFLB, where reflectivity of the metal surface play a critical role in determining
the energy coupling efficiency, electron beams are corpuscular andctnteth the
powder bed through kinetic energy transfer, reaching an absorption rate typically around
80% [325-32§. Preheating the powder layer with a defocused electron beam is commonly
applied prior to selective melting, as it enhances thermal condugcinapyovescohesion
between particleand stablizes the powder bedrhis thermal conditioning also reduces

the likelihood of defects linked to unstable melt pool formation and contributes to more
consistent energy absorption across the |23/64 ]

In addition tathesethermaleffects preheating also plays a key role in mitigating transient
physical effects unique to electream systems, such as the sudden dispersion of
powder in a process commonly referedas asmoke eveni329. This phenomenon
arises from the interaction between the electron beam and metallic powders, which may
acquire negative chargduring scanning. The resulting electromagnetic interaction
generates Lorentz forces that accelerate the charged particles vertically, causing their
abrupt displacement and scattering.

The frequency of such events, illustrated in. Rig0 [33( via high-speed imaging, can

be significantly reduced by preheating the powded beough the build platform.
Preheatingpromotes the formation of conductive paths between particles and the
grounded base plate, dissipating accumulated charge and suppressing particle motion.
Additionally, preheating enhances mechanical interlocking between particles and, in
materials with lgh ageing temperatures, such as CuCrZr, can promote the formation of
beneficial precipitate microstructures abtly in the aguilt conditioni potentially
reducing or eliminating the need for pgsbcessindreatment$264].

I

instant of electron
beam activation

after 0.005 s after 0.01 s

Figure 2.40 Powder layer spreading at different time interva38().
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Similarly to Eq 2.2, the applied energy density during RBB processing can be
expressed using the same mathematical form, substituting the laser power with the
electron beam power, and the hatch distance witlhnbeffseti the distance between

the centres of two successive beam s¢&@8]. This parameter is illustrated in Fig
2.41(a) [314). As shown, increasing the line offset reduces the gvdréaween adjacent

melt tracks, significantly increasing the risk of lack of fusion defects by trapping
unmolten powder inside the part.

Regarding the electron beam powtbe process is typically expressed and controlled in
terms ofbeam curent [A], which quantifies the number of electrons delivered per unit
time. Since the acceleration voltage remains constant during operation, the actual beam
power is given by the product of currehtgnd voltage\), 0 "Chxo. As such, the beam
current servessanoperationabnd directly controllable indicator of the energy input.

This parameter has an inverserrelation with the porosity obtained in the final
component: increasing the current raises the energy density applied tothe powder bed,
thereby improvig fusion between particles and reducing lack of fusion def8e.
However, if the beam current is too low, insufficient melting may result in irregular, non
interconnected poresuch as those corresponding to .F&B3%a) (Zone Il from

Fig. 2.37). These are particularly difficult to eliminate subsequent stages. Conversely,
excessive beam current can lead to thermal issues such as overheating or part distortion.
A careful balance must therefore be achieved to ensure process stability and mgtimal
quality.

It is worth noting that, unlike lasdrased systems, the scanning speed in-EBRks not
constant by defaulinstead, this parameter is typicatlgntrolleddynamically according

to a secalledspeed functionwhich depends oreattime corditions such as the local
geometry and the thermal state of the build platfoHowever, previous research
activities 331, 264 have concluded that disablinigis speed function and operating at
constant scanning speednclead to improved process stability and melting consistency
during the fabrication of pure Cu and CuCrZr.

Another critical parameter in the PHIB process is théocus offsetwhich defines the
distance between the focal plane of the electron beartharslirface of the powder bed

(Fig. 2.41(b) [314)). Adjusting the focs offset controls the beam spot size, thereby
influencing the energy density delivered to the powders and the resulting melt pool
geometry. An increased focus offset results in larger overlapped areas but reduces the
melting depth, by lowering the energertsity applied. This can improve the surface
roughness quality, but also increase the risk of lack of fusion if the value exceeds a certain
threshold B14]. The foais offset is regulated by modifying the current passing through
the electromagnetic cdgnses, and is therefoegpressed in units @urrent A).

96



a) Line Offset Increased Line Offset

In-melted
Powder

Solid
State

b)
melting depth

Un-melted
powder

‘,..-". ......

..*_,‘_ ". = J,A"‘.A"‘ =

Figure 2.41 Schematic of melt pool with increased line offset (a) and increaseddtisas(b) B14]; (c)
Cross snake (CS) scanning strategy featuring a bidirectional scan pattern with 90° interlayer rotation

Overall, several process parameters influence the final relative density ohtpertent

in PBFEB, and must be balanced. Among then, the scanning speed has been identified
as the most critical factor affectimgnsification. This is followed in importance by the

line offset, focus offset and beam curreBt4. Optimising these parameters within a
narrow processing window is therefore essential to ensure part integrity and repeatability
in electron beanased manufacturing.

The scanning strategy also plays a key role in PBF processes, as it defines the path and
orientation of the beam within each layer and how this pattern changes between
successive layers. A commonly used approach isrties snakéCsS) strategy, consisting

of a backandforth scanning pattern combined with a certain rotation between layers.
This strategy, illustrated in Fig2.41(c) with a rotation angle of 90°, &kabeen
experimentally shown to promote dense components with strong interlayer cohesion, as
the alternating scan directions contribute to a more uniform energy distriy88an
Computational modelling further confirmed that applying a 90° rotation between
successive layers is highly beneficial for minimising residual stress and reducing part
distortion B33.

There is, however, a broad variety of possibilittegarding scanning patterns and
interlayer rotations. Jia et aB34] provided a comprehensive review of recent advances
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in scanning strategy research, highlightiitg critical role in tailoring densification,
microstructure, residual stress distribution, and mechanical properties. From strategies
based on unior bi-directional rastering to more complex schemes such as island, helix,
contour, or point melting, the chosen pattern directly affects heat distribution and melt
pool dynamics.

Beyond itsinfluence on densification and residual stressrobnthe scanning strategy
also has a direct impaon the thermal history and solidification conditions within the
melt pool. In most cases, the combinationhafh energy input and localized beam
scanning leads to steep thermal gradients aligned withuitee direction(BD), coupled
with extremely high cooling ratesithin the range of 1810 K/s [335-33§, although
values up to 1% K/s are also known to be possib839, 340 .

This preferential alignment along BD arises from the fact that heat is primarily dissipated
through the underlying solid layers, which exhibit much higtiermal diffusion
coefficient ttran thesurrounding powder bedeading to steep vertical thermal gradients
that favour upward solidification and epitaxial growth across successive [@/s

347. Thesefar-from-equilibrium conditions play a central role in defining the resulting
grain norphology and crystallographic texture

2.2.4. Solidification-induced microstructural evolution in PBF processes

As thelaser or electroleamscans across the powder b#te solidified material from
previous layers acts as a substrate for the growth of new gresudting in melt pools
that partially (sometimes almost fully) remelt the underlying material. This leads to
repetitive thermal cycles ardpredominantly unidirectional grain growth, aiedalong

BD. The evolution of grain structure under these conditions is largely governed by the
interplay between two thermal parameters: theprature gradien® [ C/m] and the
solidificationor growth rateR [m/s]. Their combined effeatetermines not only the mode

of solidificationi planar, cellular, or dendritic but also the extent of grain selection
typically resulting in elongated grains alignedth BD and astrong crystallographic
texture, often inherited layer by layer througdpitaxial growth from the underlying
material[343.

Depending on the values @ and R, the solidliquid interface can evolve into the
previously mentioned morphologies: planar, cellular, columnar dendritic or equiaxed
dendritic.Fig. 2.42(a)[344], Fig. 2.42(b) [349, Fig. 2.42(c) [346] andFig. 2.42(d) [347]

show examples of these microstructural features observed in processes involving steep
thermal gradients and rapid solidification, such as Edaddeam Welding (EBW)lhese
transitions are governed Itye thermodynamic andoluteconditions near the interface

arnd are commonly described fiye theory of constitutional supercooling, first proposed

by Chalmers and eworkers B48 349. This theory establishes that a planar sdigpid
interface becomes unstable when the actual tempettine liquid ahead of the front

falls below its local liquidus temperature. This condition, known as constitutional
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superooling, arises from the solute enrichment occurring at the solidification front,

which lowers the liquidus temperature locally and triggersfah@mation of cellular or
dendritic structures
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Figure 2.42 Nonplanar solidification structures in metallic alloys: @llular, (b) columnar dendritic, (c)
equiaxed dendritic, (d) thregimensional view of dendritic morphology. Adapted fron®[3with original
images from 344, [ 345, [ 346, and [347], respectively.
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Several compositional factors can enhance the extent of the constitutionally supercooled
zone and increase the tendency for solute segregation and cell formatior8@aljen [

)] The solute should be poorly miscible in the solid pfiass occurs when the
solubility of the solute in the solid becomes negligidar the solidification
temperature, leading to a low equilibrium partition coefficient p. As a
result, the solute is preferentially rejected into the melt, causing local
enrichment and lowering the liquidus temperature ahead of the solidification
front.

i) The melting point of the solute must be significantly higher than that of the
solvent(Y'Y ¢ xU0). Under rapid solidification conditions, such as those
encountered in PBF oV, this thermal mismatch limits the time and energy
available for homogeneous mixing in the melt, thereby promoting chemical
segregation at the solidification front.

Increasing the degree of constitutional supercooling leads to a transition in saiatifica
mode from planar to cellular, to columnar dendritic, and eventually to equiaxed dendritic
growth, as schematicalijlustrated in Fig.2.43 [343. The microstructural changes are
represented in four stages. The letter S denotes the solid phase, L the liquid phase, and M
the secalledmushy zong351], a region in which solid and liquid coexist during dendritic
growth. As constitutional supercooling increaséise mushy zone broadens, and
columnar dendritesventually give way to equiaxed dendrites due to easier nucleation
ahead of the solidification front.
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Figure 2.43 Effect of constitutional supercooling eolidification modg 343 (S, L, andM denote solid,
liquid, and mushy zone, respectively)
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The relationshigpetweenG andR can be further understood through the morphological
map presented in Fi@.44 [343, which plots the solidification regime as a function of
both parameters. This diagram clearly shows howGHeratio governs the stability of

the solidification front: high valudavour panar growth, while lower values promote the
formation of cellular and dendritic structures. In other words, planar interfaces are
stabilised under conditions of steep thermal gradients combined with relatively low
solidification rates, whereas higtwvalues destabilise thanterface, even whe@ is large

In addition, the producG A Rfluences the microstructural scale, with higher values
leading to finer cellular or dendritic features.

Under typical PBF condition®othG andR are extremely highMoreover, both present
similar order of magnitude, therebglling within the central region of théi R diagram,
favouring the formation of cellular or columnar dendritic microstructuras. resulting
microstructure is characterised Bignificant refinementand constitutes a complex
hierarchical architecture with features spanning multiple length séam conventional

grain boundariefGBs) to subgrairscale cellular solidificatiofinduced patterns and
nanoscale precipitate didittion, as in the case of precipitatibardened alloys such as

the one studied in this work. The nature and potential mechanical impact of nanoscale
precipitates will be discussed later in this section.

G/R determines morphology
of solidification structure

GxR determines size of

solidification structure

Temperature gradient, G

Growth rate, R

Figure 2.44 Effect of the temperature gradie@tand growth rateR on the morphology and size of the
solidification microstructure. The ratids/R determines the solidification mode, while the prod@#
influences the microstructural scdlg43.
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Al t hough the terms Acellularodo and Adendri

AM literaturei particularly in sudies based on numerical simulations or focused en Ni
based superalloys3$2 353 1 this generalisation arises largely from historical
conventions in solidification theory. ctually, trese morphologes represent distinct
stages within a continuous transition driven by increasing constitutional supercooling
(Fig. 2.43[343). Cellular substructures typically form under higiR conditions and

can be interpreted as columnar dendrites without secondary gqrovang epitaxially
throughcompetitive growth along the direction of the thermal gradienthis work, the
term cellularis adoptedo describe such structures, which are consistently reported in
PBF literature across various alloy systems, such 4m#éd 354, 355, Co-basedB5q,

or Febased 357, 358. Fig. 2.45 illustrates representative examples of these cellular
microstructures obtained fromBP-LB-processed AISi1l0Mg (a)364, CoCrMo (b)
[356, and 316L stainless steel (853 .

Figure 2.45 SEM nicrographs of different PBFLB-processed parts showing cellular subgrain
microstructures. Materials: (a) AISiLOM@%4], (b) CoCrMo [356] and (c) 316L stainless stee3%8

From a crystallgraphic perspective, the cellular substructures observed in AM materials
are typically delineated bpw-angle boundaries (LABSs), often referred to as subgrain
boundaries (sGBs), with misorientations generally in the range -df02° These
misorientationsarise from slight deviations in the growth direction of adjacent cells,
which otherwise share similar crystallographic orientatiods constitutional
supercooling increases, the morphology of the solidification front beclasestable,
leading to the formation of primary dendrites with greater orientation divergence between
adjacent units. This evolution results in the development of-dugfe boundaries
(HABS).

A clear example of this behaviour can be found in the workad et al. 841, who
processed Ga5Sn by PBH.B. Their lowrmagnification SEM micrograph (Fi@.46(a))
highlights two distinct regions magnified in Fig 2.46(b) andFig. 2.46(c) i exhibiting
cellular and dendritic structures, respectivdlige dendritesre locéed primarily in the
central regions of the melt pools, where reduced remelting can lead to stronger
constitutional supercooling, while the cellular structures are more common in the
overlapping zones between adjacent tracks. The authors also idenéfthes present

in each regionasindicated inthe correspondingiicrograpls (with the high Sn content
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likely amplifying the sensitivity to solute redistribution and promoting the emergence of
columnar dendrites in areas such as that shown irRHig(c), where solute segregation
was evident)

Figure 2.46 SEM micrographs of PBEB-processed Gi15Sn in the abuilt condition [341]: (a) Overview

of a melt pool showing two distinct microstructural regions; (b) Cellglalbstructures observed in the
overlapping zone between adjacent tracks; (c) Columnar dendrites developed in the central region of the
melt pool. Identified phases are indicated in each micrograph

Segregation of alloying elements at cell boundaries hasteen widely reported in

various alloys processed by PRB. In 316L stainless steel, Mo and Cr enrichment has

been observedlong subgrain boundaries, accompanied by the formation of transition
metatrich silicate precipitates3p7]. In Al-based systems, Si segregation was reported in

Al-12Si 355, and in AISilOMg it wasalso found finely dispersed as nanoscale
precipitates within the Al matri x, contrib
compared to that of higpressure dieast (HPDC) AISi1l0Mg in the asast condition

[354). In Co-based alloys, Mo and Cr segregation has been observed at cell boundaries in
CoCrMosystems3sg , whil e in a similar alloy contai
carbide arrays were reporte2bp.

Interestingly, similar cellular structures have also been observed in nominally pure metals
when a sufficient level of impurities is present. For example, RamireZ828lreported

the formation of vertically aligned arrays of £ precipitates ilrPBFEB-processed
copper powder withD1.5% oxygerrelated impurities. These precipitates were
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distributed along the subgrain boundaries of cellstanctures elongated alor8D,
indicating that even in the absence of intentional alloying, impdrityen segregation
can induce constitutional supercooling and promote the formation of solidification
substructures.

Solidificatiorrinduced cellular subsictureshave also been associated with enhanced
mechanical performance due to their effect on dislocation behaviour. The subgrain
boundaries that define these cells act as partial barriers to dislocation motion, restricting
slip and increasing strength wnistill allowing enough mobility to preserve ductility.

This behaviour has been linked to a mechanism known as {ustmaonationinduced

(HDI) hardening, in which local differences in resistabeéwveen grains and subgrains
promote dislocation pikeip ard longrange internal stresse357, 360. In this way, the
conventional tradeff between strength and ductility can be overco&0[354, 357,
361-363, which is rarely achieved through traditional alloy design strategies.

A representative example of this mechanisprovided by Tang et al363, who
processedG-CuCrZr by PBFLB employing a higkenergy green lasein the asbuilt
condition, they observed waellefined cell substructures, with dislocations highly
concentrated along the cell walls (FRJ47). Consequently, these subgrains are often
referred to in the literature as dislocation cetis dislocation cell substructures.
Interestingly, no nanoscale -@ch precipitates were reported in thelaslt samples.
However, considerablnsile strength was achieved in this condition (YS = 400 MPa,
UTS =447MPa) Notably, the mechanical properties wetd#ained despite a relatively
low density of 98.07%. Therefore, the outstanding mechanical performwasqaimarily
attributed to the idlocation cell substructures. After thermal ageing at 500 °C for 1 h, Cr
precipitates formed homogeneously throughout the matrix, while the dislocation density
at the cell boundaries dropped significantly.

While theG-R map provides a useful framewdrkunderstand the morphology and scale

of solidification structures, it does not capture the local orientation of thermal gradients
within the melt pool a critical factor in determining gragrowth direction and texture
duringAM. In layered processes such as PBF, the thermal history is highly influenced by
the scan strategy and melt pool geometry, which can induce significant spatial variations
in gradient orientation from one layer to the next.

Numericalsimulation of he thermal gradients during solidification for ten PBE layers

by Helmer et al. 332, presented in Fig2.48, illustrates how different combinations of
scanning speed and line offset affect the orientation of thermal gradients during the
solidification of Inconel 718 using a CS scanning strategy with a 90° interlayeomotat
Under conditions of low overlap amdmelting §canning speed 2 . 2 line/ofset =

150 e€m), t he t her aigned wigh BRI ip@mating direatianal n s
solidification and the development of columnar grains (Eig8(a) and Fig.2.48(c)).

Conversely, under higher overlap condison ( scanni ng speed = 8.8
37.5 &gm), the gradient becomes more inclir

corresponding histogram (Fig48(d)), which no longer shows a single peak near 0°, but
instead presents two distinct peaks centred around8@20
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Figure 2.47 TEM micrograph of PBR.B-fabricated CuCrziin the asbuilt condition,showing dslocation
cell substructure$363.

a) Scanning speed = 2.2 m/ b) Scanning speed = 8.8 m/
line offset = 150 um line offset = 37.5 um
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Figure 2.48 Thermal gradient orientations and intensitymerically simulated during solidification of ten
PBFEB layers of Inconel 718, using a CS scanning straigijly a 90° interlayer rotatioi332: (a, b)
Magnitude and direction (indicated by the streamlines) of the thermal gradient; (c, d) Histograms of the
thermal gradient deviation from BD, corresponding to (a) and (b), respectively. (Beam parameters: (a, c)
v =2.2m/s and §= 150 um; (b, d v = 8.8 m/s and d5 = 37.5 um)
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These thermal conditions are reflected in thectEonBackscattere®iffraction (EBSD)
orientation maps of Fig2.49%a) andFig. 2.49b) [3323, showing a transition from
elongated grains with <100> || BD texture and corrugated boundaries (red grains), to
equiaxed, isotropic grains with no dominant orientation. A similar trend epasted by
Guschlbauer et al3p5 in PBFEB-fabricated Cu. In contrast, applying a much higher
beam power and scan speed (1.dverlappigarmind 850
remelting, which led to the developmaaita fine equiaxed grain structure with straight
boundaries (Fig2.50(b)). These observations confirm that, under appropriate conditions,
the CS scanning strategy can give rise to either elongated grains with wavy boundaries or
fully equiaxed microstructures, depengli on the local thermal conditions during
solidification.

a) Scanning speed = 2.2 m/s b) Scanning speed = 8.8 m/
line offset = 150 um line offset = 37.5 um

Figure 2.49 Electron Backscatterd DiffractionEBSD orientation maps of Inconel 718BFEB-
processed under the two conditions simulated in. Rig8. [332. The maps are coloured by the
crystallographic direction along BO{Beam parameters: (a) v = 2.2 m/s ang £ 150 pm; (b) v = 8.8 m/s
and Lo = 37.5 um)

Nevertheless, the formation of alyated grains along BD has been widely reported in the
literature for various alloys processed by PBF under different condi@éds341, 364

368. In addition, corrugated grain boundaries have also been observed in several studies
employing CS scanning strategies with interlayer rotation angleés’p64°, or 90° 341,
364-367]. However, in these works, the wavy morphology of grain boundaries is rarely
discussed in depth and is not generally attributed any specific mechanicalcelevan
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a)

0.25 m/s
275 W

Figure 2.50 Microstructures of PBFEB-processed pure Cunder two parameter set825: (a) v=2.5
m/s and 275 W; (b) v = 1.5 m/s and 850 W.

Conversely, in the context of higmperature applications such as nuclear fusios,

arguedthat this zigzag geometrypnay play asignificant role in improving creep

resistance. Corrugated grain boundaries introduce geometric constraints that hinder grain
boundary sliding a dominant creep mechanism in figeined materials245 i and

have been shown to enhance the Heyhperature performance of various metallic

systems 369-372. The mitigation of grain boundary sliding has also been explicitly
addressed in design strategies for fusion materials, where S.J. Ziagefopose the

incorporation of relatively large precipitateB50 n m) at grain bounda
sliding. In this context, corrugated grain boundaries may offaromplementary
microstructural approach to achieve the same goal.

Thermal conditions during solidification can vary significantly even within individual
melt pools. These internal variations arise from the curved geometry of the melt pool
boundary]ocal instabilities in melt flow, and the nesmiform dissipation of heat during
rapid solidification B73. As a result, not only the direction of the thermal gradiertt, bu
also the values of the thermal gradient and the growth @ten@ R), can fluctuate
spatially across the melt pool. Fig51, based on thermal simulations Bpng et al.

[373, illustrates this spatial evolution & andR along the melt pool profile. According

to their resultsG reaches a maximum near the melt poolrstaryi whereR is at its
minimumfi resulting in extremely higs/Rvalues that favour planar solidification. This
region, referred by the authors as the fadtectedzone (HAZ), is followed by a transition
zone wherés gradually decreases whikeincreags, leading to a local reduction in the
G/R ratio and the emergence of cellular or dendritic morphologies depending on the
precise solidification conditions.
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Figure 2.51 Schematic representation of the spatial variation of the thermal gradient G and growth rate R
within the melt pool for a single laser traf&73.

Thesespatial variations in thermal gradient orientation and magnitude can also influence
the crystallographic growth direction within the melt pool. The phenomenon was
experimentally observed by Yu et aB5@], who reported a marked variability in the
orientation of dislocation cell structures within individual melt pools in ¥BF
processed 316L stainless steel. A representative SEM micrograph fromvdinkiis
included here as Fi@.52[357, showing abupt changes in the orientation of adjacent
subgrain regions that suggest local reorientations of the solidification front driven by
spatially varying thermal gradients. This effect is particularly evident under conditions
involving significant overlappingnd remelting such as those simulated in FA{48(b)

and Fig.2.48(d) 1 which disrupt the stability of the thermal gradient and promote
heterogeneous grain growth.

Figure 2.52 SEMmicrograph showing dislocation cell substructures with abrupt changes in orientation
between adjacent regions within a single melt pool in PBE-processed 316L stainless stggbh2].
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The progressive misalignment of the thermal gradient within the melt pobbnly
affects the direction ddolidificatiornrinduced cellular and dendrites microstructures, but
also plays aipotal role in the development of a crystallographic texture. As a résailt,

wide range of solidification conditions encountered in PBF processes leads to equally
diverse texture outcomes across different materials and parametefsetsomplex
interplay between the variouprocessing parameters involved in PBF has been
systematically reviewed by Suwas et @I/4], highlighting how key factors such as beam
power, scan speed, scanning strategy, etc. govern melt pool geometry and, ultimately, the
degree of overlapping and remelting, both of whacé critical in determining the final
texture. In the following, sontepresentative cases reported in the literature are presented
to illustrate the diversity of crystallographic textures obtained under different AM
conditions.

In cubic systems, textures with the <100> direction aligned with BD are commonly
reported partiaularly under conditions that promote directional solidificatadong this

axis The case ofPBFEB-processed Inconel 718 reported by Helmer et @32

(Fig. 2.49a)) hasalreadybeen discussedut ths tendency haslsobeenobservedn

other systemssuch as Albasedalloys[354], pure Cu B75 and Cubased alloy$320.
However, deviations from this classical <100> || Bf?e texture(whereBD can be
interpreted as theolling direction (RD) in conventional rolling processesye not
uncommon This iscorsistent with thehigh variability exhibited by the solidification
front as a result o$pecific processing parameters.

Alternative preferential orientations such as <110> || BD have been also reported,
specially under conditions that promote deep melt pools and extensive remelting. A
notable example is provided ordet et al. 323, who investigated the use of high
energy green laser sources for a RH- processing of pure Cu (while a general
description of the microstructures evolution under PBF processed isigitres section,
details about the statd-the-art of laser and electrorbased PBF processing of pure Cu
and Cubased alloys will be provided in the following secti@®2.5. In their work,
distinct chevrons patterns and a solidification front tilted approximately +45° from BD
were obtained under the particular conditions provided by the usigleénergy laser
beam source.

The influence of melt poa@eometry on the variation of the solidification front is clearly
illustrated inFig. 2.53(a) andFig. 2.53(b) [323, where the authorsighlight different

preferential epitaxial growttdirections and adirect correlation with the resulting
chevronlike columnar microstructurd.he £hematidn Fig. 2.53(b) showswo types of
regions: areas marked as fAl1lo0 correspond to
aligned with BD, whereas zonksa b e | | ed A 2 Gepitaxialdyiowtraléadingtoat er a l
a local alignment of <110> with BIA similar crystallographic evolution was observed

by Andreau et al.376q in PBFLB-processed 316L stainless stea shown itfrig. 2.54.,

where the s amels haledbeem rmadted fio2facilitdteacbneparison with

Fig. 2.53. In this casethe central region of each melt pool, unaffected by overlapping

from adjacent tracks, showglgar tendency towardsL00> || BD alignment. In contrast,

the lateral edges of the melt pools exhibit more pronounced <110> #dBQ with

increased scatteign bothpromoted by overlapping.
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Figure 2.53 PBFLB-processing of pure Cu manufactured with a hégtergy greeraser [323: (a)

Composite of multiple optical micrographs arranged around a cubic model to provide althremsional

visualisation of the columnar grain structure; (b) Optical micrograph highlightthg melt pool

morphology and the variation the unitcell growth direction within individual melt pools. Regions marked

as A1l anitedisomth<100>al i gned with BD in the central part o
exhibit lateral growth withc110> || BD alignment in areas affected by overlapping.

In addition to the weldocumented <100> and <110> fibre alignments with BD, the
presence of <lllxdirections aligned with the normal direction (ND) has also been
reported. For instance, Yang et &77] identified a significant <111> || ND component

in CuCrZr pocessed by PBEB using a 67° rotation between layers. This behaviour
suggests that inclined solidification fronts may develop not only along BD but also in
transverse directions, depending on the scan strategy and melt pool morphology.

Although severaltsidies have reported the development of crystallographic texture in
AM materials, quantitative metrics to describe it are rarely included. In particular,
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