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Abstract 
Laser powder bed fusion enables exceptional design flexibility in metal additive 

manufacturing. However, a detailed microstructural analysis is crucial to fully understand its 

material performance and overcome challenges in process optimization. This thesis 

investigates the microstructural properties of the Al-1Fe-1Zr alloy (Constellium Aheadd® 

CP1) specifically tailored to the physical conditions of LPBF. The rapid solidification 

conditions inherent to LPBF promote the formation of metastable intermetallic particles, 

requiring high-resolution synchrotron-based 3D imaging for precise characterization. LPBF 

processing parameters significantly influence melt pool morphology, grain growth, and 

intermetallic formation. This work leverages nanoscale imaging at the ID16A Nano Imaging 

beamline of the ESRF to elucidate the spatial distribution of Fe- and Zr-rich intermetallics 

under different LPBF processing conditions and evolution during heat treatment. Investigations 

of prior melt pools show that a stable melt pool with a good width-to-depth ratio promotes 

well-defined columnar grain growth under moderate scan speeds with continuous wave laser 

mode, whereas increased scan speeds result in shallower melt pools. Pulsed wave modulation 

laser mode with higher energy density leads to deeper melt pools, disrupting columnar grain 

growth and increasing grain boundary density. HXCT and FXCT imaging demonstrate that Fe-

rich intermetallics accumulate at grain boundaries, forming stable Al13Fe4. In contrast, Zr 

predominantly remains either trapped within the Al matrix or present as nanoscale L12-Al3Zr 

precipitates dispersed within the matrix. Quantitative analysis after heat treatment at 400°C/4h 

confirms a uniform background level of Fe (0.56 wt%) and Zr (0.96 wt%) concentrations. 

Meanwhile, overaging at 530°C/24h promotes intermetallic coarsening driven by Oswald 

ripening. Fe-rich intermetallics transform, with Al6Fe evolving into stable globular Al13Fe4 at 

grain boundaries and possibly transforming to Al3Fe within larger grains adopting rod-like 

morphology, while Zr remains in its nanoscale form, with partial transformation to the stable 

D023-Al3Zr at the grain boundaries and smaller spherical particles of the stable phase within 

the grains. First of its kind, high resolution FXCT quantification reveals that nano Zr-rich 

particles form 0.95% volume fraction (0.5wt%), while Fe-rich nanoparticles account for 0.03% 

(0.008wt%), suggesting that nearly half of Zr and only a fraction of Fe, are at this scale after 

overaging. This study establishes the capability of synchrotron 3D imaging to elucidate the 

nanoscale intermetallics and quantitative local elemental distributions. By refining high-

resolution imaging techniques, this research contributes to the broader applications of advanced 

materials and additive manufacturing strategies. 
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Kurzfassung 
Das Laser-Pulverbett-Schmelzen (Laser Powder Bed Fusion, LPBF) ermöglicht eine 

außergewöhnliche Gestaltungsfreiheit in der metallischen additiven Fertigung. Eine detaillierte 

mikrostrukturelle Analyse ist jedoch entscheidend, um das Werkstoffverhalten vollständig zu 

verstehen und Herausforderungen bei der Prozessoptimierung zu überwinden. Diese Arbeit 

untersucht die mikrostrukturellen Eigenschaften der speziell für die physikalischen 

Bedingungen des LPBF angepassten Al-1Fe-1Zr-Legierung (Constellium Aheadd® CP1). Die 

für das LPBF typischen raschen Erstarrungsbedingungen begünstigen die Bildung metastabiler 

und stabiler intermetallischer Phasen, deren präzise Charakterisierung eine hochauflösende, 

synchrotronbasierte 3D-Bildgebung erfordert. Die LPBF-Prozessparameter beeinflussen 

maßgeblich die Schmelzbadmorphologie, das Kornwachstum und die Bildung 

intermetallischer Phasen. Diese Arbeit nutzt fortschrittliche Bildgebung im Nanomaßstab an 

der ID16A Nano Imaging Beamline der ESRF, um die räumliche Verteilung von Fe- und Zr-

reichen Intermetallverbindungen unter verschiedenen LPBF-Prozessbedingungen sowie deren 

Entwicklung während der Wärmebehandlung zu untersuchen. Die Analyse früherer 

Schmelzbäder zeigt, dass ein stabiles Schmelzbad mit einem günstigen Breiten-Tiefen-

Verhältnis unter moderaten Scangeschwindigkeiten im kontinuierlichen Lasermodus ein gut 

definiertes säulenartiges Kornwachstum fördert, während erhöhte Scangeschwindigkeiten zu 

flacheren Schmelzbädern führen. Der gepulste Lasermodus mit höherer Energiedichte erzeugt 

tiefere Schmelzbäder, stört das säulenartige Kornwachstum und erhöht die Korngrenzendichte. 

HXCT- und FXCT-Bildgebung zeigen, dass sich Fe-reiche Intermetallverbindungen bevorzugt 

an Korngrenzen ansammeln und dort stabile Al₁₃Fe₄-Phasen bilden, während Zr überwiegend 

als nanoskalige L1₂-Al₃Zr-Präzipitate innerhalb der Matrix vorliegt. Eine quantitative Analyse 

nach der Wärmebehandlung bei 400 °C für 4 h bestätigt ein homogenes Hintergrundniveau von 

Fe (0,56 Gew. %) und Zr (0,96 Gew. %). Eine Überalterung bei 530 °C für 24 h fördert eine 

Vergröberung der Intermetallphasen, getrieben durch Ostwald-Reifung. Fe-reiche 

Intermetallphasen transformieren dabei, wobei Al₆Fe sich in stabiles, globuläres Al₁₃Fe₄ an 

Korngrenzen umwandelt und möglicherweise innerhalb größerer Körner in die stabilere Phase 

Al₃Fe mit stabförmiger Morphologie übergeht. Zr verbleibt überwiegend in nanoskaliger Form, 

zeigt jedoch teilweise eine Umwandlung zur stabilen D0₂₃-Al₃Zr-Phase an Korngrenzen sowie 

in Form kleiner sphärischer Partikel innerhalb der Körner. Die FXCT-Quantifizierung zeigt, 

dass nanoskalige Zr-reiche Partikel einen Volumenanteil von 0,95 % (0,5 Gew. %) bilden, 

während Fe-reiche Nanopartikel 0,03 % (0,008 Gew. %) ausmachen. Dies deutet darauf hin, 
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dass nach der Überalterung nahezu die Hälfte des Zr und nur ein kleiner Anteil des Fe in dieser 

Skala vorliegt. 

Diese Studie zeigt das Potenzial der synchrotronbasierten 3D-Bildgebung zur Aufklärung 

nanoskaliger Intermetallphasen und lokaler quantitativer Elementverteilungen. Durch die 

Weiterentwicklung hochauflösender Bildgebungstechniken leistet diese Forschung einen 

Beitrag zu den breit gefächerten Anwendungen fortschrittlicher Werkstoffe und Strategien der 

additiven Fertigung. 
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1 Introduction 
 

As global demands for lightweight, high-strength, and sustainable materials continue to 

rise - driven by sectors such as aerospace, automotive, energy, and consumer electronics - there 

is an increasing interest in advanced materials and manufacturing processes capable of meeting 

these requirements. The increasing demand for advanced design strategies that incorporate 

complex geometries tailored to specific applications, coupled with the necessity for improved 

performance across diverse industries, highlights the pivotal role of innovations in materials 

science and cutting-edge manufacturing technologies. Metal additive manufacturing (AM) 

technologies have revolutionized industrial production by enabling the fabrication of intricate 

metallic components that are challenging or inefficient to produce using traditional 

manufacturing methods. Unlike conventional techniques, which often involve multiple 

processing steps such as machining, joining, or casting, AM consolidates these processes into 

a single operation, thereby streamlining production. Among the various AM techniques, Laser 

Powder Bed Fusion (LPBF) stands out for its ability to create components with complex 

geometries and exceptional precision. Despite these advancements, significant challenges 

remain before metal AM can fully transition from a niche technology to a mainstream 

manufacturing approach. Critical issues such as process optimization, material performance, 

scalability, and cost-effectiveness need to be addressed to unlock its full potential and establish 

its viability as a major manufacturing technique. 

 
Aluminium alloys are essential to sectors like aerospace due to their exceptional strength-to-

weight ratio and resistance to corrosion. In this research, an Al-1Fe-1Zr alloy (Constellium 

alloy, Aheadd® CP1) specifically designed for the processing conditions of LPBF is 

investigated. Due to the complex thermal conditions during LPBF, distinct microstructures are 

formed that directly impact the material properties. 2D analyses, such as electron or optical 

microscopy, that are routinely used for analyses fail to provide the full 3D spatial complexity 

of the alloy’s microstructures. Thus, advanced characterization techniques beyond traditional 

2D analyses are required to understand these microstructures comprehensively. This research 

focuses on the high-resolution, 3D characterization of the microstructures in the Al-1Fe-1Zr 

alloy, utilizing the advanced capabilities of the ID16A Nano Imaging beamline at the European 

Synchrotron Radiation Facility (ESRF). The ID16A beamline, renowned for its state-of-the-art 

X-ray nano-imaging technology, enables precise visualization and quantification of features at 

the nanoscale, within the alloy matrix. By utilizing these advanced techniques, this study aims 
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to address critical gaps in the understanding of the microstructures formed during the LPBF. 

This knowledge is essential for correlating microstructural features with alloy performance and 

for developing strategies to tailor material properties. Furthermore, this work transcends the 

limitations of conventional 2D analytical approaches, contributing to a deeper understanding 

of LPBF-processed alloys and advancing the design of materials optimized for additive 

manufacturing. 

 
This thesis presents an in-depth study of the spatial distribution, morphology, and chemical 

composition of microstructural features in the Al-1Fe-1Zr alloy, with a primary focus on 

understanding the influence of Laser Powder Bed Fusion (LPBF) process parameters on 

microstructure formation. Leveraging advanced non-destructive 3D X-ray characterization 

techniques, the analysis enables repeated investigations on the same sample before and after 

heat treatments, facilitating a thorough evaluation of microstructural evolution induced by 

annealing. By examining variations in microstructural characteristics within prior melt pools 

and their evolution under different heat treatments, this work seeks to provide a detailed 

understanding of the alloy’s phase stability and distribution of intermetallic phases. 

These insights address critical gaps in understanding the interplay between LPBF parameters 

and the resultant microstructures, further advancing the scientific basis for alloy design and 

processing optimization. Beyond the primary materials analysis, this thesis places a significant 

emphasis on optimizing experimental methodologies and beamline parameters for high-

resolution imaging in additive manufacturing research. The objective is to refine synchrotron-

based techniques to achieve superior data quality, reduced acquisition times, and cost-

efficiency, thereby enhancing their applicability to real-world investigations. These 

improvements not only benefit ongoing research but also extend the suitability of these 

methods to a broader range of metallic systems and experimental conditions. 

The outcomes of this study hold profound implications for both academic and industrial 

research, particularly within the scope of the InnovaXN doctoral program, which bridges large-

scale research infrastructure with industrial R&D needs. By addressing key challenges in 

materials characterization and experimental efficiency, this work contributes to establishing 

robust methodologies that support the development of advanced materials and innovative 

manufacturing technologies for diverse applications. 
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2 Motivation 
AM metal technologies are having a profound impact on industrial manufacturing, presenting 

significant opportunities, especially gaining traction in high-technology sectors, even though 

they currently represent only a small fraction of global metal production [1]. In aerospace 

applications, for example, approximately 10 - 15% of certain components, such as turbine 

blades and fuel nozzles, are now produced via AM [2–4]. LPBF has emerged as a 

transformative technology for producing metallic components with very high precision in the 

fabrication of complex geometries. In essence, LPBF operates by local melting of layers of 

metal powder using a high-energy laser, which subsequently solidifies to form the component. 

LPBF involves rapid heating and cooling cycles, leading to complex thermal histories and 

solidification dynamics. These conditions lead to the formation of distinctive microstructural 

features and elemental distributions. 

Al alloys are crucial in the aerospace industry due to their high strength-to-weight ratio and 

excellent corrosion resistance. However, Al alloys commonly used in LPBF are often adapted 

from conventional manufacturing processes and typically require extensive post-processing to 

achieve the desired performance characteristics. In principle, parts manufactured through AM 

should be ready for immediate use and produced as needed, thereby minimizing the necessity 

for complex post-processing procedures. Such procedures often include machining to achieve 

final dimensional accuracy, heat treatments, etc., to optimize microstructural properties, and 

surface finishing to improve fatigue life or corrosion resistance. In response to these challenges, 

the Al-1Fe-1Zr alloy investigated here has been specifically tailored to the physical conditions 

of LPBF, thereby reducing the need for extensive post-processing. The objective of this 

research is to examine the microstructures of the Al-1Fe-1Zr alloy, thereby to bridge rigorous 

academic approaches with pressing industrial questions to address the existing knowledge gap 

of elucidating microstructure-property relationships. 

Although 2D microstructural analyses such as electron or optical microscopy, etc., offer 

valuable information on the microstructures of the alloy, they are inherently limited by their 

inability to capture the full spatial complexity. Consequently, in-depth investigations into the 

fundamental aspects of microstructural architecture demand 3D nanoscale characterization to 

accurately capture these intricate features. Synchrotron-based techniques offer unparalleled 

spatial resolution and sensitivity for thoroughly examining such complex microstructures. 

However, practical constraints including limited beamtime availability and lengthy acquisition 
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periods, pose significant challenges. As a result, optimizing these characterization 

methodologies becomes essential, ensuring that maximum information is gleaned from each 

experiment while maintaining feasibility for both academic research and industrial 

applications. In this study, the following methodological issues are addressed: 

 What are the capabilities of the different 3D Synchrotron-Based X-ray Imaging Techniques 

available at the ID16A Nano-Imaging beamline of the ESRF, and how can they be optimally 

applied to characterize the Al-1Fe-1Zr alloy? 

 What methodological optimizations and parameter modifications were introduced to the 

experimental setup to enable a comprehensive 3D characterization of the microstructures? 

While these investigations provide important insights into the internal architecture of this alloy, 

several aspects need to be addressed, exploring the impact of additive manufacturing process 

parameters on microstructural features. As usual for LPBF production, the initial step is to 

optimize and validate the manufacturing parameters to achieve the highest possible material 

density. Indeed, the optimization of manufacturing parameters should not only aim for defect-

free conditions but also consider the attainability of microstructures that are stable during 

service conditions. In this sense, heat treatment can be a critical step in additive manufacturing, 

aimed at tailoring the microstructure of alloys to enhance their performance. The non-

destructive nature of the 3D characterization techniques used in this work allows us to study 

the same sample before and after heat treatment. Therefore, in terms of microstructural 

evolution, the following issues are considered: 

 How does the variation of LPBF processing parameters influence microstructural 

formation? 

 How do microstructural constituents, their architecture, and chemistry vary within a prior 

melt pool? 

 How do heat treatments affect element distribution within a prior melt pool? 

 How do different heat treatments influence the microstructural evolution of the Al-1Fe-1Zr 

alloy manufactured via LPBF? 

 Is it possible to image and quantify nano-sized precipitates present in Al-1Fe-1Zr? 
 
Thus, the present work aims to bridge the knowledge gap regarding how processing parameters 

and heat treatments affect the spatial distribution and morphology of microstructural features 

in the Al-1Fe-1Zr alloy by employing advanced 3D characterization methods. 
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3 State of the Art 
3.1 Additive Manufacturing 
 
Additive manufacturing, also known as 3D printing, is revolutionizing production methods in 

various industries, such as medical, aerospace, transportation, and energy [5–7]. Originally 

developed for rapid prototyping of non-structural components [8], AM has since advanced 

significantly. The modern field of metal AM enables the creation of complex structural shapes 

that are challenging or impossible to produce using traditional methods. While it is necessary 

to address metallurgical issues such as mechanical anisotropy, residual stress, and unique 

defects, the potential of this technology to revolutionize manufacturing is clear. AM involves 

the layer-by-layer deposition of material to construct a three-dimensional object from a digital 

model. This method allows for the direct manufacture of intricate and custom components from 

CAD models, eliminating the need for costly machining and reducing the number of traditional 

machining steps. As a result, manufacturing processes are streamlined, decreasing the need to 

assemble multiple components. AM presents a range of notable advantages when compared to 

traditional manufacturing techniques, including economic efficiency, heightened productivity, 

improved quality, innovative design capabilities, and optimized supply chain management [5]. 

In the last two decades, there have been notable advances in metal AM processes, which 

include the development of reliable industrial lasers, high-performance computing hardware 

and software, and metal powder feedstock technology. These developments have contributed 

to the growing acceptance of AM, with commercial systems undergoing a period of rapid 

expansion [9]. Despite this progress, a comprehensive understanding of feedstock materials, 

processes, structures, properties, and performance is essential for producing defect-free, 

structurally robust, and reliable AM components. 

 
The evolution of AM, particularly for metallic materials, is driven by increasing research and 

development. Although the existing knowledge base from metal powder technology, high-

energy beam welding, cladding, and prototyping provides a foundation, many aspects of AM 

still require further exploration. The rapidly evolving AM field necessitates periodic 

evaluations to bridge gaps in scientific knowledge and identify research needs. The primary 

challenge in AM is a thorough understanding of the relationship between processing 

parameters and the resulting properties of the final parts and the materials used. This challenge 

is particularly pronounced for metallic parts due to the complex thermal histories involved in 

the AM process, which can lead to significant property variability [10]. There are metallurgical 
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differences between AM parts and those produced through conventional methods, such as 

residual stresses [11], anisotropy [12], and defects [13]. Addressing these unique characteristics 

is essential to meet the high-performance requirements of applications, e.g., where components 

are exposed to high temperature fatigue. Powder bed-based methods like LPBF, electron beam 

melting (EBM), and directed energy deposition (DED) are commonly used to manufacture 

dense metallic parts [14]. These processes involve fed powder interacting with a laser or 

electron beam, creating a melt pool that rapidly melts the material. 

 
In this study, only LPBF will be considered, as the Al-1Fe-1Zr alloy examined here is 

specifically designed for this additive manufacturing process. 

 

 
3.1.1 Laser Powder Bed Fusion Additive Manufacturing Technique 
 
 

LPBF is a highly complex and precise AM technique. The process begins with setting 

up a powder bed. A uniform layer of metallic powder is deposited across the build platform. 

The quality of the powder bed is crucial as it directly affects the consistency and properties of 

the final product [15]. The key characteristics of the powder, such as heat conduction, 

flowability, packing density, internal porosity, and particle size and shape, all play crucial roles 

in determining the final properties of the component. It is important to note that dense and 

defect-free layers require both high packing density and a uniform distribution of particles [15]. 

Once the powder bed is prepared, a high-powered laser scans the selected area, melting the 

powder according to a digital design provided by CAD software. The laser’s power, 

wavelength, spot size, pulse duration, and pulse frequency are crucial parameters that 

determine the energy input into the powder [16–18]. For example, increased laser power can 

enhance melting depth and layer adhesion, but excessive power may cause vaporization and 

flaws. Similarly, the laser wavelength must match the material’s absorption characteristics to 

ensure efficient melting [19]. The spot size of the laser beam influences the resolution and 

detail of the printed part; smaller spot sizes yield finer details but may increase the build time 

[20]. In the context of metal AM, a keyhole refers to a deep, narrow melt cavity that forms 

when the laser energy input is high enough to partially vaporize the molten metal. This 

vaporization creates recoil pressure, which pushes the liquid metal away from the laser focal 

point, producing a distinct, elongated “keyhole” shape in cross-section. While keyhole mode 
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welding can improve fusion depth and powder consolidation, it also raises the risk of pore 

formation and other defects if process parameters are not carefully controlled.

In the LPBF process, the laser beam fuses the powder to the underlying solid material through 

complete melting. After each laser melting step, the powder bed is lowered by a precise 

thickness, and a new layer of powder is spread over the previous one by a recoater. Schematics 

of the LPBF process are shown in Fig. 3.1. Although the layer thickness is typically a few tens 

of micrometers, the heat from the laser can penetrate several layers below, causing the already 

solidified layers to be reheated and sometimes remolten, which affects the microstructure [21]. 

The scanning speed and strategy are also pivotal in the LPBF process. Scanning speed 

determines the rate at which the laser moves across the powder bed, influencing the energy 

deposition and melting quality [22]. Faster speeds can lead to insufficient melting and increased 

porosity, while slower speeds provide more energy, promoting better fusion but potentially 

causing overheating and thermal stresses. The scanning strategy, which includes the pattern 

and sequence of laser scans, affects thermal gradients and stress distribution within the part.

Fig. 3.1 Schematic representation of the LPBF process.

It is crucial to manage the temperature during the LPBF process. Controlling the powder bed 

temperature is important to avoid oxidation and uphold uniform thermal conditions. Preheating 

the powder bed can reduce thermal gradients, minimizing residual stresses and warping [23]. 

Ensuring an even temperature distribution throughout the powder bed is crucial to prevent
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localized defects like warping, cracking, or incomplete melting. Consistently maintaining the 

optimal temperature of the powder feeder is crucial for ensuring a reliable and stable powder 

flow throughout the entire build process. The complex thermal cycles inherent in the LPBF 

process result in significant variability in the properties of the final parts, particularly for 

metallic components [24]. The variability in question stems from the rapid melting and 

solidification of the powder, potentially leading to residual stresses, anisotropy, and unique 

defects that are not typically encountered in conventionally manufactured parts. Addressing 

these issues is imperative to meeting the stringent performance requirements of critical 

applications such as aerospace components. 

 
The advancement of reliable industrial lasers, high-performance computing hardware and 

software, and metal powder feedstock technology has been a significant driving force behind 

the developments in LPBF technology. Nevertheless, a comprehensive grasp of the 

interdependencies between processing parameters, material characteristics, and the resulting 

microstructure remains vital for optimizing LPBF processes and producing consistent, high-

quality components. 

 
3.1.2 Laser Powder Bed Fusion of Aluminium alloys 
 
 

Aluminum alloys are indispensable in sectors such as aerospace, automotive, and 

marine, owing to their high strength-to-weight ratio and excellent corrosion resistance. Over 

several decades, specialized aluminum alloys have been developed to meet stringent 

performance requirements in these industries. However, adapting such alloys to LPBF 

processing introduces significant challenges, necessitating further optimization of their 

composition and fabrication parameters. 

 
Commonly used alloys in LPBF, such as AlSi10Mg and AlSi7Mg, are traditional shape-

casting alloys and are favoured for their excellent printability [25–27]. However, these alloys 

offer only moderate mechanical performance and often require extensive post-processing to 

meet performance standards. In contrast, higher-strength wrought alloys like AA6061, 

AA7050, and AA2195 are prone to hot cracking during LPBF [28–30]. This is primarily due 

to their relatively large solidification intervals, the rapid cooling rates and thermal stresses 

inherent in the LPBF process, which lead to crack formation during solidification. 
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Both Al-Si-Mg casting alloys and high-strength wrought alloys encounter issues due to their 

reliance on precipitation hardening. These alloys are designed to undergo heat treatments 

involving solution treatment, quenching, and aging to improve mechanical properties [31,32]. 

The complex thermal cycle in LPBF exacerbates problems like residual stresses and porosity, 

significantly reducing the mechanical integrity of the components. Many studies have reported 

that the LPBF process for aluminium alloys is generally critical [33]. A significant issue is the 

difficulty in spreading the powder bed due to poor flowability. Additionally, the high 

reflectivity of aluminium powders and the high thermal conductivity of the solidified material 

necessitate high laser power. The presence of a thin oxide film on gas-atomized particles and 

solidified layers further reduces processability by lowering wettability and hindering remelting 

of the previous layer, resulting in porosities within the built parts [34]. 

 
Despite the aforementioned challenges, the LPBF processing of aluminium alloys has emerged 

as a promising avenue of research due to the unique microstructures and enhanced mechanical 

properties that can be achieved. Near- and hypo- eutectic Al-Si alloys, such as AlSi10Mg, 

AlSi12, AlSi7Mg, are commonly used in AM processes, with AlSi10Mg being the most 

extensively studied [35–38]. The success of AlSi10Mg is primarily due to its silicon content, 

which is close to the eutectic composition and helps prevent solidification cracking [28]. The 

presence of 10 wt.% silicon in AlSi10Mg results in a narrow solidification range of about 30°C, 

which is significantly lower than that of high-strength aluminium alloys like the 2024 series, 

with a solidification range of 135°C [39]. Silicon improves the fluidity of molten aluminium, 

reduces solidification shrinkage, and lowers the coefficient of thermal expansion (CTE) [40–

43]. Furthermore, the addition of silicon to the alloy enhances laser absorption, with silicon 

particles absorbing approximately 70% of the laser energy [44]. Studies have demonstrated 

that as-built AlSi10Mg samples exhibit superior mechanical properties compared to cast and 

conventionally solution-aged T6-treated samples of the same composition [43,45]. With the 

promising results with AlSi10Mg, a few other casting alloys have also been successfully 

processed with LPBF. High-strength aluminium alloys such as the 2xxx, 6xxx, and 7xxx series 

are challenging to process using LPBF due to their susceptibility to solidification cracking and 

the volatility of alloying elements like Zn, Mg, and Li, which can easily evaporate during the 

building process. 

 
There is therefore considerable industrial interest in developing high-strength aluminium alloys 

suitable for LPBF processing. Although research in this area began only a few years ago, there 
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has been a significant increase in scientific publications on new aluminium alloys designed for 

AM processes. This growing interest highlights the potential for developing alloys to achieve 

the necessary mechanical properties and processability for advanced applications. Innovative 

alloy design and process optimization strategies, including tailored heat treatments and 

controlled cooling rates, are essential to mitigate these issues mentioned above and enhance 

the performance of aluminium alloys in LPBF applications. 

 
3.1.3 The Al-Fe alloy system 

The addition of Fe to aluminum enhances high-temperature strength due to the 

dispersion of second-phase particles [46]. However, the equilibrium solubility of Fe in 

aluminium is exceptionally low, approximately 0.03 atomic percent, limiting the ability to 

achieve precipitation strengthening through traditional aging treatments [47]. This low 

solubility results in limited strengthening under equilibrium conditions, making the 

development of Al–Fe alloys reliant on non-equilibrium processing techniques, such as rapid 

solidification, to achieve improved mechanical properties [48,49]. Despite their limitations in 

strength compared to precipitation-hardenable alloys (e.g., Al–Mg–Si systems), Al–Fe alloys 

offer distinct advantages, including high thermal conductivity [50–52]. This is attributed to the 

low solubility of Fe in the α-Al (FCC) matrix. Increasing the Fe content in Al–Fe systems 

promotes the formation of intermetallic phases, such as Al13Fe4, which can contribute to 

strengthening [53]. However, the morphology, distribution, and size of these intermetallics are 

also critical to the alloy's overall performance. 

The Al–Fe binary system is particularly notable for its eutectic decomposition (occurring at 

1.85 wt% Fe and 654 °C), where the liquid phase solidifies into α-Al and θ-Al13Fe4 phases 

under conventional casting conditions [54,55]. This process leads to the formation of plate-

shaped θ-Al13Fe4, which is in equilibrium with the surrounding α-Al matrix. In contrast, under 

high cooling rates and temperature gradients, the eutectic reaction is altered, leading to the 

formation of metastable Al6Fe phases alongside α-Al [56]. This transition occurs at cooling 

rates exceeding 1 K/s and is further influenced by solidification conditions such as growth rate 

and thermal gradients [57]. The Al–Fe intermetallics formed during various processing 

methods have been reported in the literature [58]. The metastable and ductile Al6Fe phase has 

been observed in high-pressure die casting [59], Tungsten inert gas (TIG) welding-brazing 

[60], and AM via LPBF [56]. These findings suggest that Al6Fe is an intermetallic that forms 

under high-pressure conditions. Moreover, most stable and metastable Al–Fe intermetallics, 
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such as Al13Fe4, Al6Fe, Al5Fe2, Al2Fe, AlFe, and AlFe3, have been observed in AM processes 

(Fig. 3.2) [56,61,62]. These observations underscore the unique capability of AM processes to 

precisely tailor alloy compositions, enabling the formation of targeted intermetallic phases to 

achieve desirable material properties. 
 

 
Fig. 3.2 CALPHAD-based calculated phase diagram of the Al–Fe system [63], showing 

metastable liquidus and solidus lines to evaluate the formation of non-equilibrium phases from 

the supersaturated solution. Taken from [58]. 

LPBF operates with extremely high cooling rates (∼ 105K/s), which enable the formation of 

fine microstructures and metastable phases that are unattainable under conventional casting 

conditions. These rapid cooling rates enhance solute trapping, extending the solubility of Fe in 

the α-Al matrix and promoting the formation of nanoscale intermetallics [54]. In LPBF-

fabricated Al–Fe alloys, the rapid cooling dramatically affects phase formation and 

distribution. X-ray diffraction analysis of LPBF samples has shown small fractions of the θ-

Al13Fe4 phase, commonly observed in as-cast samples, and the presence of the metastable Al6 

Fe phase [56]. For instance, specific diffraction peaks corresponding to θ-Al13Fe4 are absent or 

significantly diminished in LPBF samples, while reflections associated with Al6Fe become 

prominent. This suggests that the rapid solidification inherent to LPBF favours the partial 

replacement of stable θ-Al13Fe4 with metastable Al6Fe [64]. The increased lattice parameter of 
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the α-Al matrix observed in LPBF samples further supports the enhanced solubility of Fe, 

attributed to the atomic size mismatch between Al and Fe atoms [65,66]. 

The high cooling rates in LPBF not only alter phase formation but also influence the 

morphology of intermetallics. While conventional solidification results in the formation of rod-

shaped Al6Fe phases, LPBF produces spherical or granular Al6Fe particles, along with 

nanoscale dispersions of these intermetallics (<100 nm) within the melt pool [56]. These 

morphological differences may be attributed to the interplay of rapid solidification mechanisms 

and subsequent thermal effects from laser-induced reheating of the material [67]. The ability 

of LPBF to refine microstructures and influence phase formation provides a unique opportunity 

to optimize Al–Fe alloys for applications requiring a balance of high strength and thermal 

conductivity. For example, LPBF-fabricated Al–2.5Fe alloys exhibit enhanced mechanical 

properties, such as improved strength and ductility, due to the refined dispersion of 

intermetallics and the suppression of coarse eutectic phases [56]. These refined microstructures 

also contribute to better corrosion resistance, making these alloys highly suitable for 

demanding environments, including heat exchanger components [68]. Understanding and 

controlling the size, morphology, and distribution of Al–Fe intermetallics during LPBF 

processing are critical to maximizing the performance of these alloys. 

 

 
3.1.4 Al-Fe-Zr alloy system 

Al–Zr and Al–Fe–Zr alloys are recognized for their exceptional combination of 

mechanical strength, thermal stability, and corrosion resistance [69,70]. Small additions of Zr 

(0.05–0.13 wt%) play a crucial role in these alloys by forming coherent, metastable Al3Zr 

dispersoids with an L12 crystal structure [71]. These nano-sized dispersoids inhibit 

recrystallization through the Zener mechanism, where grain boundary motion is effectively 

restricted during hot deformation and annealing [72–74]. This mechanism enhances the 

material's creep resistance and ensures superior high-temperature stability. Zr can form Al3Zr 

precipitates during aging treatments [71]. 

The efficacy of Al3Zr dispersoids in recrystallization resistance depends critically on their size, 

number density, and spatial distribution. Ideally, a high number density of uniformly 

distributed, fine dispersoids is desired to maximize pinning forces [72,75]. However, during 

solidification, Zr exhibits significant segregation behaviour, concentrating near dendrite cores 

in accordance with the Scheil model, which predicts a partition coefficient of k Zr=1.4 [76]. 
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This leads to the formation of dispersoid-free zones near grain boundaries, which are 

particularly vulnerable to recrystallization [76,77]. Furthermore, insoluble Fe-containing 

intermetallic phases can form near grain boundaries, further promoting recrystallization in 

these regions [71]. 
 
 
 

 
Fig. 3.3 Phase diagram of the Al–Zr system as optimized by Wang et al. [78]. 
 
The precipitation behaviour of Al3Zr is influenced by Zr concentration and homogenization 

temperature. A higher Zr content generally enhances the number density of dispersoids, while 

optimized homogenization practices are critical for promoting fine, uniform dispersoid 

distributions [71]. Conventional homogenization aims primarily at reducing microsegregation 

and dissolving interdendritic intermetallic phases, but modified practices designed to enhance 

Al3Zr precipitation are of interest. Techniques such as directional rapid solidification can 

further reduce segregation effects by controlling the distribution of alloying elements along the 

solidification front [79]. 

In the Al–Zr binary system, numerous stoichiometric intermetallic compounds, including 

AlZr3, AlZr2, Al3Zr, and Al2Zr, are well-documented (Fig. 3.3) [80]. In Al–Fe–Zr ternary 

systems, these compounds are represented as (Al,Fe)mZrn, where Al and Fe occupy the first 

sublattice, and Zr occupies the second [80–82]. Among these, Al3Zr is particularly notable for 

its metastable cubic structure, which is coherent with the α-Al (FCC) matrix [74]. This 
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coherence enables Al3Zr to act as an effective heterogeneous nucleation site for α-Al grains 

during solidification, promoting fine and equiaxed grain structures. The addition of Fe is not 

anticipated to directly influence the solubility of Zr in aluminum or the overall volume fraction 

of Al3Zr precipitates [83]. However, an evident increase in both the number density and volume 

fraction of Al3Zr precipitates has been observed with Fe additions [84]. This effect may be 

attributed to a mechanism similar to that of Si, where Fe atoms facilitate the nucleation of Al3Zr 

by forming clusters that serve as preferential nucleation sites, thereby reducing the energy 

barrier for Al3Zr precipitation [83]. Conversely, Zr exhibits a strong tendency to segregate at 

the solid-liquid interfaces during solidification, inhibiting Fe diffusion and thereby refining the 

morphology of Al3Fe intermetallic phases [85]. 
 

 
Fig. 3.4 Calculated liquidus surface projection for the Al–Fe–Zr ternary alloy system, 

providing insights into phase stability and solidification pathways. Taken from [86]. 

Upon prolonged heat treatment, Al3Zr is characterized by transforming from the metastable 

L12 phase into the equilibrium DO23 phase [76]. Optimal precipitation kinetics occur at 

homogenization temperatures between 400°C and 500°C, resulting in fine, spherical Al3Zr 

dispersoids (≈20 nm) in commercial Al alloys [87–89]. However, dispersoid-free zones 

adjacent to grain boundaries and the presence of large primary particles can significantly reduce 

recrystallization resistance in these regions [77]. To mitigate these effects, alloying strategies, 

such as combined microalloying with Scandium (Sc) and Erbium (Er), have been explored 
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[90]. The resulting Al3(Sc, Zr) precipitates enhance the stability of the θ’ phase and improve 

both creep resistance and strength by suppressing undesirable diffusion processes [91]. The 

localized reheating effect of overlapping laser scans may also contribute to slight coarsening 

or decomposition of metastable phases, transitioning them toward more stable forms [76]. The 

precise control over thermal gradients and cooling rates in LPBF allows for tailoring the size, 

shape, and distribution of these intermetallics to achieve the desired balance of strength and 

ductility. Zr plays a dual role during LPBF: It segregates to solid-liquid interfaces during 

solidification, effectively pinning grain boundaries and refining the morphology of 

intermetallic phases [76]. Simultaneously, Al3Zr precipitates act as potent heterogeneous 

nucleation sites for α-Al grains, promoting a fine, equiaxed grain structure and mitigating 

columnar grain growth [92]. The ability of LPBF to manipulate solidification dynamics and 

microstructural evolution underscores its potential for producing high-performance Al–Fe–Zr 

alloys. 
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3.1.5 Aheadd® CP1: Al-1Fe-1Zr alloy 

 
Recent advancements in aluminium alloys for LPBF have introduced innovative 

compositions tailored specifically for additive manufacturing. One such development is the Al-

1Fe-1Zr alloy, commercially known as Aheadd® CP1, developed by Constellium [93]. This 

alloy is designed to overcome the limitations of traditional aluminum alloys used in LPBF, 

especially the 6xxx series, known for their susceptibility to hot cracking [94–97]. Various 

strategies, such as the addition of grain refiners and high-temperature powder bed pre-heating, 

have been employed to mitigate these issues with limited success [98,99]. The Al-1Fe-1Zr 

alloy is designed to address the challenges associated with LPBF, particularly by improving 

strength and thermal conductivity properties [92]. In a comprehensive study employing 2D 

multiscale characterisation techniques, Pauzon et al. investigated the microstructural evolution 

of the alloy and its impact on mechanical and electrical properties [100]. After direct aging for 

4 hours at 400°C, Aheadd® CP1 exhibits a yield strength of 310 MPa and thermal conductivity 

of 180 W/m.K, compared to 130 MPa and 122 W/m.K, respectively, in a stress-relieved 

condition [92]. The tensile behaviour of the stress-relieved and aged conditions is shown in 

Fig. 3.5 (a) and (b). The Ashby chart in Fig. 3.5 (c) positions the performance of the new Al-

1Fe-1Zr alloy in relation to the cast and wrought Al series based on yield strength (YS) and 

thermal conductivity. Thermal conductivity is essential in applications requiring efficient heat 

dissipation such as electronic devices, heat exchangers, or aerospace cooling systems, where 

improved conduction can significantly enhance performance and reliability. The objective of 

attaining the desired material properties was achieved through the strategic selection of 

elements with low vapor pressure and slow diffusion rates in aluminium, coupled with the low 

solubility of Fe in Al. 

 
Both layer-by-layer processing and the melt pools that solidify under the effect of the laser 

during LPBF manufacturing usually result in periodic structures along the build direction. 
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Fig. 3.5 (a) Engineering and (b) true tensile stress-strain curves for LPBF Al-1Fe-1Zr in both 

stress-relieved (SR) and peak-aged states. (c) Ashby chart showing the relationship between 

yield strength and thermal conductivity, comparing typical wrought and casting Al alloys with 

the new Al-1Fe-1Zr alloy presented here. Taken from [92].

Depending on the LPBF processing conditions, microstructural features within these melt pools 

can vary significantly in terms of grain size, precipitation types, phases formed, etc. [101–103]. 

Particularly for the Al-1Fe-1Zr alloy studied here, microstructural analysis was conducted in 

[92,100] using Scanning Electron Microscopy (SEM), Transmission Electron Microscopy 

(TEM) with Energy Dispersive Spectroscopy (EDS), and Automated Crystal Orientation 

Mapping (ACOM).
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Fig. 3.6 (a) EBSD orientation maps in inverse pole figure (IPF) colouring for stress-relieved, 

and (d) peak-aged (4h at 400°C) conditions. Backscattered electron (BSE) images showing 

typical microstructures within (b, e) the columnar zone (CZ) and (c, f) the fine equiaxed zone 

(FEZ). Taken from [92]

The characterizations show the complex grain structures formed during LPBF with a 

periodicity of ~100-200μm [92]. Fig. 3.6 provides a detailed overview of the microstructure 

along the building direction (Z) for both the stress-relieved and aged conditions of the material. 

Fig. 3.6 (a) and (d) shows columnar Al grains (columnar zone, CZ) within the melt pools, that 

are elongated in the direction of solidification, while small equiaxed grains (fine equiaxed zone, 

FEZ) decorate their boundaries [92]. A significant feature is the presence of FEZ, as illustrated 

in Fig. 3.6 (c), where grains have a mean equivalent diameter of less than 1 μm. This fine-

grained structure is partially due to the formation of primary L12-Al3Zr particles, which 

promote heterogeneous nucleation of aluminium grains at the melt pool boundary, a region 

characterized by a relatively low solid-liquid front velocity. This phenomenon has been 

corroborated by thermal calculations from various studies (e.g., [104–106] ). Further 

examination through BSE-SEM imaging reveals very less and sporadic bright grain boundary 

particles within the CZ of the stress-relieved material, with an estimated presence of around 

0.3%, as observed in Fig. 3.6 (b). In contrast, the grain boundaries within the FEZ are more 

densely decorated with thin films and particles, accounting for approximately 3% of the 

observed area in Fig. 3.6 (c). In the aged condition, the decoration of grain boundaries by
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coarser bright particles becomes more pronounced in both the FEZ and CZ, with particle sizes 

reaching up to several hundred nanometers, as depicted in Fig. 3.6 (e) and 3.6 (f). 

 
The SEM techniques were employed to examine the alloy in both as-built and aged conditions, 

providing detailed insights into the solidification process and subsequent microstructural 

evolution. Properties such as hardness and electrical conductivity were investigated to evaluate 

the alloy's performance. The impact of post-fabrication stress-relief heat treatment, performed 

at 300°C for 2 hours, was studied in conjunction with subsequent aging treatments at 400°C 

for varying durations of 1, 4, and 7 hours. These conditions were also compared to the 

properties of the material in its as-built state. Both the as-built and stress-relieved materials 

exhibited identical hardness values (HV1 = 67 kgf/mm²), though the stress-relieved material 

demonstrated a slightly higher electrical conductivity (18 MS/m compared to 17 MS/m for the 

as-built state). Peak aging was observed between 4 and 7 hours, with conductivity continuing 

to increase with extended aging. The hardness remained relatively stable between the 4-hour 

and 7-hour aging treatments at 400°C, but a noticeable decline was observed with longer aging 

times. In contrast, the material's conductivity, which was measured at 26.5 MS/m after 4 hours 

of aging at 400°C, continued to increase with extended aging durations. This increase in 

conductivity, reaching 30 MS/m after 96 hours at 400°C, can be attributed to the progressive 

depletion of solute atoms from the solid solution as the aging time increases. The alloy 

exhibited considerable enhancements in strength from its as-built to peak-aged condition, 

accompanied by a relatively slight decline in ductility. It is reported Fe is expected to form the 

Al13Fe4 phase (monoclinic) [92] at the grain boundaries, with globular morphology in the as-

built state and particles further evolving during aging. The fraction of Fe-rich particles 

increased from 6% in the as-built state to 9% after aging at 400°C for 4 hours. Zr forms Al3Zr 

primary cubic intermetallics, which presumably act as nucleation sites for the fine equiaxed Al 

grains [92,100]. The aged specimen exhibits a uniform distribution of coherent nano-sized 

precipitates within the aluminium grains, a feature that is absent in the as-built state. In the as-

built material, only a few coarser primary L12-Al3Zr particles are present, primarily 

contributing to the formation of FEZ. Upon aging at 400°C for 4 hours, the material shows a 

dense population of L12-Al3Zr nanoprecipitates, which are finely dispersed throughout the 

aluminium matrix. However, regions adjacent to Fe-rich globular particles show a noticeable 

depletion of these nano-precipitates, forming precipitate-free zones (PFZ). This depletion is 

likely due to the peritectic reaction associated with Zr, coupled with a reduced concentration 

of vacancies near the interface between the Fe-rich intermetallics and the matrix. The lower 
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vacancy concentration limits the diffusion of Zr, thereby hindering the formation of nano-sized 

L12-Al3Zr precipitates in these areas. Furthermore, adding Zr improves the alloy's resistance to 

recrystallization, maintaining a stable microstructure during post-processing heat treatments. 

This stability is essential for applications requiring high thermal and mechanical performance 

over extended periods. 

 
The formation of melt pools was found to be associated with the depletion of Fe caused by the 

presence of early planar growth fronts. The microstructural evolution of these zones upon aging 

offers insights into the solidification process and its impact on alloy properties. The results of 

the tensile tests revealed differences in the work-hardening behaviour between the as-built and 

aged samples, indicating a need for further investigation into these variations. The 

solidification process was characterised by epitaxial growth, L12-Al3Zr induced nucleation, and 

a solidification velocity-dependent partition coefficient, all contributing to the alloy's 

microstructural stability and performance [100]. The aging process resulted in the 

discontinuous precipitation, which influenced the distribution and morphology of Fe-rich 

particles [100]. The strengthening observed in the as-built specimen was primarily due to solid 

solution strengthening and the formation of fine grain structures. In contrast, the aging process 

introduced precipitation hardening via L12-Al3Zr nanoparticles and the growth of intermetallic 

particles [92,100]. A detailed analysis of the microstructure at the scale of the melt pools 

reveals distinctive melt pool boundaries (MPBs), highlighted with yellow dashed lines in Fig. 

3.7 (a). It is important to note that these MPBs do not always precisely align with the FEZ but 

are positioned several microns below them, as shown in Fig. 3.7 (c). 

 
One key observation is the change in grain growth direction, clearly visible within the purple-

oriented grain in the bottom left section of the EBSD map in Fig. 3.7 (b). Additionally, 

intragranular misorientation is particularly notable at the uppermost MPBs, as indicated by the 

yellow arrow in Fig. 3.7 (a). This local misorientation becomes even more apparent in the 

orientation map obtained through automated crystal orientation mapping (ACOM) on a TEM 

lamella across a MPB, illustrated in Fig. 3.7 (d-e). The misorientation reaches approximately 

3.5° at this boundary, as shown in Fig. 3.7 (f). Furthermore, the nano-scale L12-Al3Zr 

precipitation observed within the Fe-depleted zones at the MPBs aligns with the distribution of 

Zr, as depicted in Fig. 3.7 (g). 
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Fig. 3.7 (a) BSE image displaying multiple melt pool boundaries, (b) EBSD orientation map 

with IPF Z colouring, (c) Fine grains in the area with diameters below 5 μm and a sphericity 

index > 0.35, (d) STEM BF image of a melt pool boundary, (e) ACOM orientation map (IPF 

colour) in the Z direction, (f) Local misorientation across the melt pool boundary, (g) EDS 

maps showing Fe, Zr, and Al distribution in the same area. Taken from [100].

Understanding the interaction between spatter dynamics and keyhole morphology is crucial for 

comprehending the LPBF process [107,108]. Guo et al. explored the connections between 

vapor depression shape and spatter dynamics during LPBF of Al-1Fe-1Zr alloy using high-

speed synchrotron X-ray imaging [109]. The study employs a methodology, utilizing in-

operando synchrotron X-ray imaging to observe and analyze the LPBF process in real-time 

[110–112]. The in-operando experiments were performed at the high-speed imaging beamline 

ID19 at the European Synchrotron Radiation Facility (ESRF) [113]. They used synchrotron
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radiography at a 40 kHz image acquisition rate to monitor and quantify the relationship 

between spatter ejection and vapor depression dynamics during LPBF. The study highlights 

the importance of linear energy density in shaping keyhole and spatter characteristics. The 

LPBF processing parameters were chosen to span a range of linear energy densities (El), from 

210 J·m⁻¹ to 840 J·m⁻¹ . The research provides practical recommendations for optimizing LPBF 

parameters by correlating spatter behaviour with keyhole morphologies. The study also 

proposed two novel spatter mechanisms: rear rim droplet spatter and spatter-induced surface 

cavities [109]. Rear rim droplet spatter occurs when metal vapor jets overcome surface tension 

at the keyhole's rear rim, while spatter-induced cavities form when the laser's radiation force 

dislodges particles from the melt pool. The analysis reveals that scan speed significantly affects 

spatter trajectory more than laser power, suggesting that optimized scan speeds can reduce 

spatter-related defects [109]. Higher scan speeds and appropriate lower linear energy densities 

(in the range that avoids lack-of-fusion defects) can minimize spatter formation and improve 

component quality [109]. 

 
Additionally, Klamann et. al., aimed at developing the process windows for processing the Al-

1Fe-1Zr alloy on a Concept Laser® M2 system with a 400W NdYAG laser, for different layer 

thicknesses (30 μm, 60 μm and 120 μm) and to characterize the produced materials [114] . In 

addition, the effects of a remelting strategy were investigated, in which the already solidified 

material is re-exposed. Investigations revealed that layer thicknesses of 30 μm and 60 μm are 

optimal for LPBF with a 400 W laser, yielding porosity below 0.15% and material densities 

above 99.85%. However, a higher layer thickness of 120 μm was found to be unsuitable due 

to inadequate densification. A 30 μm layer thickness offers the most robust process window, 

reducing sensitivity to positioning effects and ensuring high dimensional accuracy, making it 

ideal for fine structures. In contrast, a 60 μm layer thickness enhances productivity but is less 

effective for intricate geometries. Microstructural formation depends on scanning speed and 

melt track overlap, influencing grain morphology and the precipitation of primary Al3Zr 

particles. A fine layer thickness and optimized parameters promote controlled microstructural 

evolution. Additionally, double exposure effectively reduces porosity and bonding defects 

without significantly impacting build time. 

 
The in-depth understanding of the Al-1Fe-1Zr alloy and LPBF processes is essential for 

advancing its application in producing high-quality components. The alloy demonstrates 

excellent LPBF processability due to its ability to utilize high cooling rates, taking advantage 



State of the Art 

23 

 

 

of the thermal gradients and the solid-liquid interface during the process. The successful 

adaptation of the Al-1Fe-1Zr alloy for LPBF not only addresses the limitations of traditional 

aluminium alloys but also paves the way for the design of high-performance components, 

including, but not limited to, those required for aerospace and automotive applications. The 

development of such specialized alloys underscores the importance of integrated approaches 

combining material science, and process engineering. 
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3.2 Microstructural Characterization 
 

Although traditional two-dimensional (2D) analytical techniques, such as electron or 

optical microscopy, have been invaluable in providing insights into the microstructures of 

alloys, these methods are fundamentally limited by their inability to capture the complete 

spatial complexity of these structures. This may result in the crucial 3D features being 

obscured, leading to an incomplete and potentially misleading understanding of the material's 

microstructure. While FIB-SEM tomography can address this challenge by reconstructing 3D 

data from serial sectioning, it is a destructive technique and thus not always suitable for 

repeated or large-scale analyses. Recent technological advancements have enabled the non-

destructive investigation of three-dimensional microstructures at the nanoscale, thereby 

facilitating a more comprehensive understanding of an alloy's internal architecture. Such 

techniques reveal the true spatial relationships and orientations of microstructural constituents, 

which are often obscured in two-dimensional images. Furthermore, 3D characterisation 

provides precise data on the morphology, dimensions, and distribution of microstructural 

features, including precipitates, grains, and inclusions, without prior assumptions. These 

attributes are crucial for correlating microstructure with material properties, as they frequently 

influence mechanical behaviour, thermal stability, and other critical performance aspects. For 

instance, in precipitation-hardened alloys, the size, distribution, and coherence of precipitates 

with the matrix can significantly impact strength and ductility. 

 
Furthermore, non-destructive characterisation techniques, such as X-ray radiography and X-

ray computed tomography (XCT), enable subsequent analyses or mechanical testing. This 

ability is particularly advantageous for the study of microstructure evolution under different 

processing conditions. 3D characterization can elucidate how these conditions contribute to 

phase transformations, grain growth, and defect formation. This insight is of importance for 

the optimisation of manufacturing processes and the reliability of the final components. In the 

context of novel alloys such as the Al-1Fe-1Zr alloy, which has been specifically developed 

for LPBF, 3D microstructural investigations are indispensable. It is essential to understand the 

spatial distribution and morphology of the Fe- and Zr- phases. 3D microstructural 

investigations provide a more comprehensive and precise understanding of the material and the 

optimisation of processing techniques to enhance their properties. 
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3.2.1 X-ray Imaging 

Imaging can be performed using a range of probes, including light, electrons, 

electromagnetic waves, ultrasound, neutrons, and X-rays, each offering distinct advantages in 

terms of resolution, penetration depth, and the physical properties they reveal. X-ray imaging 

is a powerful technique widely used to visualize the internal structures of objects and biological 

tissues. X-rays, a form of high-energy electromagnetic radiation, are used to penetrate materials 

and produce images based on the varying degrees of interaction between the X-rays and the 

material's internal components. 

In the field of X-ray imaging, the use of synchrotron radiation has become a significant 

innovation. A synchrotron is a type of particle accelerator that produces high-energy, highly 

collimated beams of radiation. The primary principle of a synchrotron is to accelerate charged 

particles, typically electrons or protons, to nearly the speed of light and maintain them in a 

closed path using powerful magnetic fields. As these particles travel along the curved 

trajectory, they emit electromagnetic radiation, which spans a wide range of the 

electromagnetic spectrum, including X-rays. In the context of X-ray sources, brightness (often 

referred to as brilliance) is a key figure of merit that quantifies the photon flux (photons per 

second) emitted per unit area, per unit solid angle, and within a specified spectral bandwidth. 

The brightness of synchrotron X-rays is several orders of magnitude higher than that of 

conventional X-ray sources. The phase imaging techniques discussed in this study depend on 

coherence. Coherence is the property that enables waves to exhibit observable interference and 

diffraction phenomena, and it measures the degree of correlation between two points in a 

wavefield over time and space. The coherent nature of synchrotron X-rays enhances phase 

contrast imaging, which is particularly useful for visualizing low-density materials like 

aluminium. Within synchrotron facilities, synchrotron radiation is directed and extracted from 

the main storage ring to various experimental stations by specialized setups known as 

beamlines. Each beamline is customized for particular experiments and techniques. 

X-ray imaging relies on multiple interaction mechanisms to extract comprehensive information 

about a material’s internal composition and structure. X-ray diffraction serves a distinct but 

complementary role in structural analysis. Coherent interactions within ordered structures (e.g., 

crystals) give rise to Bragg diffraction. When crystalline regions in a material satisfy the Bragg 

condition, coherent elastic scattering reveals the atomic lattice arrangement, while shifts in 

diffraction intensities can pinpoint defects or heterogeneities. 
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When a material is exposed to high-energy X-rays, the incident radiation can impart sufficient 

energy to the electrons within the atoms of the material. If the absorbed energy exceeds the 

binding energy of the electrons, they may be excited and promoted from their ground state to 

higher energy levels or to a free state with some residual kinetic energy as in our case (Fig. 

3.8). This excitation creates a vacancy in the lower energy level, rendering the atom unstable. 

To restore stability, electrons from higher energy levels fall back to fill the vacancy in the lower 

energy shell. During this transition, the energy difference between the higher and lower energy 

levels is released in the form of electromagnetic radiation. The energy of this emitted radiation 

is characteristic of the specific elements present in the material and typically falls within the 

X-ray region of the electromagnetic spectrum. This phenomenon is referred to as X-ray 

fluorescence. Each element has a unique set of energy levels, leading to a characteristic X-ray 

emission spectrum that acts as a fingerprint for that element. By analyzing the emitted X-ray 

spectrum, it is possible to determine the elemental composition of the material with high 

accuracy. 

 
 
Fig. 3.8 Representation of the X-ray fluorescence phenomenon, illustrating core electron 

excitation by incident X-rays and the subsequent emission of characteristic fluorescence 

radiation during electron relaxation. Taken from [115]. 

Traditionally, X-ray imaging has relied on absorption contrast, where denser or thicker regions 

of a sample attenuate the beam more strongly. X-rays are absorbed or scattered out of the beam. 

This forms the basis of absorption radiography, the earliest and still most common form of X-

ray imaging in many conventional applications. The Lambert-Beer law describes the 

relationship between the incoming and outgoing intensities through the material at zero 

distance (absorption only): (3.1) (ܮߤ−)݌ݔ݁݊݅ܫ = ݐݑ݋ܫ 
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The weak interaction of X-rays with matter, however, can limit contrast, especially for thin or 

low-density features. Classical absorption radiography has found extensive use in industrial 

non-destructive testing and medical diagnostics; however, it frequently proves inadequate for 

high-resolution examinations of low-absorbing materials. 

To address this shortcoming, phase-contrast imaging has emerged as an effective alternative. 

It exploits the phase shift experienced by an X-ray wave as it encounters refractive index 

variations. The interaction of X-rays with matter, defined by a wavelength λ, can be described 

using the complex refractive index: ݊(ߣ) = (3.2) (ߣ)ߚ݅ + (ߣ)ߜ − 1  
Here, δ mediates phase shifts, while β governs attenuation. When X-rays traverse materials in 

which δ is non-negligible, subtle refraction and phase retardation effects arise, leading to 

significantly enhanced contrast for features that would otherwise remain indistinguishable in 

purely absorption-based imaging. Even minute changes in δ can produce significant 

enhancements in image contrast once translated into intensity fluctuations at the detector plane, 

particularly in weakly absorbing materials such as light alloys or soft tissues. In this context, δ 

is responsible for the phase shift experienced by the X-rays as they travel through the material: 

 0 ݖ݀(ߣ)ߜ ∫ ܮ ߣ   ߨ2 = ߔ 
 (3.3) 

β pertains to the absorption process, which is quantified by the absorption coefficient μ, given 

by: ߣ (3.4) ߚ ߨ4 = ߤ 
The dependence of these parameters on wavelength originates from the complex atomic 

scattering factor [116]: ݂(ߣ) = ܼ + ݂(3.5) (ߣ)2݂ ݅ + (ߣ)1    
The real and imaginary components of this factor, Z + f1(λ) and f2(λ) are related to δ and β as 

follows: 2ߣ ߨ2 0ݎ  = (ߣ)ߜ ݊  (3.6) [(ߣ)1݂ + ܼ] ݐܽ
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݊ 2ߣ ߨ2 0ݎ  = (ߣ)ߚ  (3.7) (ߣ)2݂ ݐܽ
where r0 denotes the classical electron radius, ݊ܽݐ atomic number density and Z represents the 

atomic number. 

For the X-ray energy range commonly employed in imaging, results in a real part of the 

refractive index that lies slightly below unity. Consequently, ߜ remains positive and is 

proportional to 2ߣ. Away from absorption edges, where the real anomalous scattering factor ݂1 
vanishes, δ provides a direct measure of the electron density, and to a close approximation, the 

mass density of the material. Given that the ratio of the number of electrons to the atomic 

weight is similar for many atomic species (≈ 1/2), δ serves as an effective measure of the 

material's mass density, allowing its estimation [117], (3.8) 2ߣ ߩ 10−6 1.3 ≈ ߜ  
where ߩ is in g/cm3 and ߣ in Å. 
 
One of the most straightforward forms of phase-sensitive imaging is propagation-based phase 

contrast, often made feasible by highly coherent synchrotron sources. Immediately after the 

sample, the transmitted beam can be expressed as a complex transmission function ܶ(ݕ ,ݔ), 

which incorporates both attenuation and phase shifts. Over a propagation distance z, Fresnel 

diffraction transforms these phase modulations into measurable intensity variations at the 

detector: (3.9) 2|(ݖ ;ݕ ,ݔ)ܷ݀| = (ݖ ;ݕ ,ݔ)݀ܫ  
where ܷ݀ is the wavefield at the detector, obtained via a Fresnel propagator applied to ܶ(ݕ ,ݔ). 
 
This process effectively converts phase gradients into intensity contrast. In X-ray imaging, 

detectors primarily record intensity, losing the direct phase information of the wavefield. 

However, to quantitatively reconstruct the sample’s internal structure, particularly its electron 

density, it is necessary to recover the phase shift ߔ. To recover the missing phase component, 

various retrieval techniques have been developed. Two principal approaches are employed: 

One approach is the multi-distance Holography where images are acquired at different 

propagation distances z. The resulting intensity patterns collectively provide the constraints 

needed to solve for the phase distribution [118]. Another approach is the Near-Field 

Ptychography where the sample is scanned in multiple lateral positions relative to a coherent 

beam, and an iterative reconstruction algorithm recovers both the object’s transmission 

function and the probe (incident beam) [119]. This method can achieve very high spatial 
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 ݖ

resolution without relying on additional optical elements. The reconstruction in X-ray phase 

imaging involves retrieving the sample’s transmission function, T (r), and the incident 

illumination function, ߰(ݎ), from a set of measured intensities, Ij(r). These intensity 

measurements can be expressed as [119]: 2 ܶݖܦ| = (ݎ)݆ܫ(ݎ − ݎj)߰(ݎ)| (3.10)  
here ݖܦ represents the free-space propagation over a distance z, and ݎj indicates the lateral 

displacement of the sample relative to the illumination for the j-th measurement. Both T(r) and ߰(ݎ)are two-dimensional complex-valued functions, encoding the amplitude and phase 

information. For effective propagation distances, where the Fresnel number much larger than 

unity, the free-space propagator ݖܦ is numerically stable and can be computed efficiently. The 

propagation is represented as a sequence of two fast Fourier transforms[119]: 
  (3.11) [ 2ߣ2ݍ −1√ ߣ/ݖ݅ߨ2−݁[(ݎ)߯]ℱ] ℱ−1 = (ݎ)߯ ܦ 
where ℱ denote the Fourier transform, q represents the reciprocal space coordinate, λ is the X-

ray wavelength, z is the propagation distance. 

 
In materials science, X-ray imaging is used to examine the internal structure of materials, 

identifying defects, inclusions, and the distribution of different phases within a sample. This 

information is crucial for understanding material properties and behaviours. It is extensively 

used in both industrial non-destructive testing and research fields, encompassing techniques 

like computed tomography (CT) that enable 3D imaging. This involves acquiring multiple two-

dimensional X-ray images from different angles around the sample. These images are then 

reconstructed using computational algorithms to create a detailed 3D representation of the 

internal structures [120]. It allows for more precise and comprehensive analysis compared to 

traditional 2D imaging. 

 
Synchrotron X-ray science can investigate matter across a wide range of scales, from 

interatomic crystal planes with angstrom-level spacing to time-resolved computed tomography. 

Important parameters for these techniques include spatial resolution, maximum sample size, 

acquisition time, and dose efficiency. There is often a trade-off among these parameters, as 

enhancing one may lead to compromises in others. As synchrotron X-ray techniques continue 

to evolve, they promise to provide even greater insights into the microscopic and nanoscopic 

investigations, driving forward research and innovation in numerous fields. 
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3.2.2 ID16A Nano-Imaging Beamline, ESRF

The 3D characterization experiments were conducted at the ID16A Nano Imaging 

beamline of the European Synchrotron Radiation Facility (ESRF), utilizing advanced 

nanotomography techniques.

Fig. 3.9 ID16A beamline of the ESRF, one of the long beamlines where the end-station (X-ray 

focus) is at 185 m from the source.

This beamline is specifically designed for hard X-ray imaging and is highly suitable for 

materials characterization, achieving spatial resolutions down to approximately 30 nm while 

maintaining a relatively large field of view of 30 μm [7]. Additionally, larger fields of view 

and sample sizes can be accommodated, with spatial resolutions systematically adjusted to 

preserve imaging fidelity and ensure high-quality data acquisition. The beamline operates at 

two distinct energies, 17.1 keV and 33.35 keV, with the X-ray beam focused into a round spot 

of about 20 nm diameter using multilayer-coated fixed curvature Kirkpatrick-Baez (KB) 

mirrors [121–123]. To accommodate both energies, two pairs of KB mirrors have been 

specially designed. The distance between the source and the focusing element is set at 185 

meters to ensure a beam with a high degree of spatial coherence. After the focal point, the beam 

diverges with a well-defined cone geometry and a divergence of ~5mrad in both directions.

To optimize beamline stability and fully exploit the intrinsic coherence properties of the beam, 

the number of optical elements is minimized. The beamline's design is largely achromatic, 

allowing for microscopy across a broad energy bandwidth. Multilayer-coated mirrors are 

employed for their high efficiency, while the Kirkpatrick-Baez crossed geometry in the nano-
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focusing optics allows for independent optimization of the horizontal and vertical directions. 

All primary optics, including the multilayer monochromator and attenuators, are strategically 

positioned close to the source to preserve the coherence properties of the beam. The nano-

focusing optics, on the other hand, are integrated into the sample stage and positioned near the 

sample for optimal performance.

Fig. 3.10 Picture of the ID16A end-station with the vacuum vessel in the closed position 

(center). On the left, the room temperature sample transfer stage is enlarged, capable of 

accommodating up to 13 samples in the loadlock. On the right, the end-station is shown with 

the vacuum vessel open. The blue arrow indicates the sample positioned in the nanopositioning 

stage, while the housing of the two KB mirrors is highlighted in red.

For scanning the sample and correcting run-out errors of the rotation stage, a short-range piezo-

driven hexapod and a metrology framework based on twelve capacitive sensors are used, 

ensuring accurate nano-positioning and high stability [123]. Translation scanning speeds of 4 

μm/s and 1 μm/s in the horizontal and vertical directions, respectively, are achieved. The entire 

KB nano-focusing optics system and the sample stage are housed within a large vessel under 

high vacuum (10-7 to 10-8 mbar). This vacuum environment ensures the stability required for 

high-precision measurements, while also serving to accommodate cryo experiments (not 

employed here) and to protect the KB optics from oxidation.

The nanotomography techniques available at the ID16A beamline are Holographic X-ray 

Computed Tomography (HXCT) [124] and Near-Field Ptychographic X-ray Computed 

Tomography (NFPXCT) [125] in the phase contrast domain. They are complemented by X-ray 

Fluorescence Computed Tomography (FXCT) [126] to provide the 3D concentration 

distributions of individual chemical elements. HXCT and NFPXCT are sophisticated full-field 

coherent X-ray imaging techniques, both employing the same experimental setup at the ID16A
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beamline. The detector is fixed at a focus-to-detector distance of 12ݖ = 1ݖ + 2ݖ = 1.265 m (Fig. 

3.11).

Fig. 3.11 Schematics of the experimental setup at the ID16A beamline. The detector is fixed at 

a focus-to-detector distance of 1.265 m.

By adjusting the sample's position along the divergent cone beam axis, it is possible to control 

the target pixel size in the projections, capitalizing on the X-ray magnification. This setup 

results in the generation of phase contrast images on the detector, where the geometrical 

magnification M is defined as 1ݖ + ܯ2ݖ = 1ݖ (3.12)
with z1 being the distance from the focus to the sample and z2 being the distance from the 

sample to the detector, both measured along the X-ray beam's path.

The effective equivalent propagation distance, D, is defined as:1ݖ ܦ2ݖ = 1ݖ + 2ݖ (3.13)
In our setup, where the magnification is large 2ݖ) >> ,(1ݖ the equivalent propagation distance

D is approximately equal to 1ݖ [118].

The following sections provide detailed descriptions of each imaging technique.
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3.3 X-ray Imaging Methods

3.3.1 Holographic X-ray Computed Tomography

Holographic X-ray Computed Tomography is an amalgamation of in-line X-ray 

holography and computed tomography. This technique exploits the magnification effect of the 

divergent cone geometry of the beam to achieve the required voxel size in the final 

reconstructed volume [127]. Due to free-space propagation and the high degree of coherence 

of the beam, the recorded radiographs are actually magnified Fresnel diffraction patterns in the 

holographic regime, briefly in-line holograms. They contain both attenuation and phase 

information. Accurate and robust phase retrieval is achieved by combining radiographs 

recorded at different sample-to-detector distances along the X-ray beam [124]. For the 

experiments, usually 2000 projections over 180° are acquired at 4 different focus-to-sample 

distances with an exposure time of 0.3s per projection. The number of projections was 

optimized according to the requirements of each experiment and will be outlined in the 

respective description of the experiments.

Fig. 3.12 Schematic representation of the Holographic X-ray computed tomography setup at 

the ID16A beamline. The incoming X-ray beam is focused by the KB optics and the sample is 

positioned at a distance z1 from the focus. This configuration produces a phase contrast image 

on the detector. For tomography, a large number of projections are acquired at various
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angular positions (ω), typically across four distinct sample-to-detector distances. Projections 

or 2D radiographs of a sample are shown at 4 different distances (marked 1-4).

In the case of small samples, the first distance with the highest magnification will be set at the 

desired voxel size, typically allowing the entire sample to be in the field of view. At each angle, 

a random (but known) lateral motion is added to the sample to avoid ring artefacts in the final 

reconstructed volume [128]. To perform a flat-field correction, projections without the sample 

and dark images were recorded at each distance as well. Prior to phase retrieval, the projections 

at different distances are interpolated to match the pixel size of the first distance and aligned 

precisely. The phase maps are obtained by an iterative holographic phase retrieval procedure 

for each angle.

Fig. 3.13 Data processing workflow for HXCT: The workflow outlines the sequential steps 

from raw data acquisition to 3D reconstruction. Pre-processing and phase retrieval are 

carried out simultaneously in a single computational step.

The procedure begins by employing the Paganin methodology [129], presuming the sample is 

comparatively homogenous. This assumption allows for the evaluation of the ratio of refractive
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index decrement to absorption coefficient δ/β ≈ 554 at 33.35 keV and δ/β ≈ 201 at 17.1 keV 

for the Al-1Fe-1Zr alloy. An iterative nonlinear conjugate gradient method (CGM) using this 

estimation as a starting point enables convergence in 10 -15 iterations to a good solution for 

the phase map at each angle. The phase retrieval is performed with ESRF in-house code using 

GNU Octave and ImageJ. As a sufficient number of angles are recorded, the tomographic 

reconstruction is done using the analytic Filtered Back-Projection (FBP) algorithm on the 

aligned phase maps with the ESRF in-house Nabu software [130]. Initially, this was conducted 

with PyHST2 software [131] . The value provided by the reconstruction is ߱ = − 2ߣ (3.14) ߜ ߨ 
here ߱ is the grey value of the voxel and ߜ is the refractive index decrement in the tomogram. 
 
The X-ray wavelength λ is calculated from the energy (λ = 0.3717A˚ and 0.72505 A˚ for E = 

33.35 keV and 17.1 keV, respectively). Assuming the 'Guinier' approximation (Z/A ≈ ½), the 

grey values in the tomograms are essentially proportional to the mass density of the 

metallurgical phase [132]. With this approximation, the mass density (ρ) was calculated for 

each voxel as, 

 ρ[݃⁄ܿ݉3] = − 10−2ω[ܿ݉−1]   1.3λ[ܣ ˚ ]2π  (3.15)   
3.3.2 Near-Field Ptychographic X-ray Computed Tomography 

Near-Field Ptychographic X-ray Computed Tomography (NFPXCT) is an efficient way 

to retrieve the sample transmission function, T (r) (object) and the incident illumination 

function, ߰(ݎ) (probe), eqn. (3.10) [119]. Compared to HXCT, this technique can provide 

higher quality data in terms of signal-to-noise ratio and potentially spatial resolution. A key 

advantage is that no prior knowledge of sample composition is required, unlike HXCT, which 

requires to choose the δ/β ratio. However, the acquisition time is longer due to the need to 

acquire more data. A sequence of holograms is collected at different lateral translations of the 

sample at a fixed focus-to-sample distance z1. 
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Fig. 3.14 Schematic representation of the Near-field ptychographic X-ray computed 

tomography setup. The incoming X-rays are focused by Kirkpatrick-Baez (KB) optics, with the 

sample placed at a fixed distance ₁ݖ beyond the focus. The detector acquires data at 16 different 

lateral positions of the sample with respect to the illumination. The data is then subjected to 

an iterative reconstruction process, whereby both the phase shift introduced by the sample 

transmission function (object) and the incident illumination function (probe) are retrieved. 

From the four retrieved real-valued images, two are shown in the figure inset; the phase of 

both the object and the probe reconstruction. In tomography, the procedure is repeated for a 

large number of angular positions of the sample.

The phase retrieval process in this approach fundamentally relies on the use of structured 

illumination. Structured illumination introduces a complex mixture between the illumination 

wavefront and the object, enabling the encoding of both amplitude and phase information into 

the recorded holograms. In our case, the structured illumination created by the KB optics is 

leveraged for efficient phase retrieval from the holograms. For the experiments, holograms at 

16 lateral pseudo-random (but known) positions [119] of the sample are collected with respect 

to the illumination for each projection angle, where the sample was at a focus-to-sample 

distance z1 that defines the desired voxel size in the final 3D volume. To avoid residual ring 

artefacts a random lateral motion is added to the average sample position at each angle, similar 

to HXCT [128].
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Fig. 3.15 NFPXCT data processing workflow: A step-by-step outline from raw data to the final 

3D reconstructions.

The number of projections is optimized similarly to HXCT, according to the requirements of 

the experiment. The phase retrieval is performed with the Python package PyNX [133]. The 

phase retrieval of the projections is always initialized using one iteration of Alternating 

Projections [134]. This is followed by Maximum Likelihood optimization [135], and/or 

Difference Maps, and/or additional iterations of Alternating Projections. The selection of 

algorithms, as well as the choice to update the probe or not, was determined on a case-by-case 

basis, with the number of iterations and sequence of operations tailored to achieve optimal 

results for each case. Subsequent projections typically used the previous reconstruction as an 

initial estimate, with further refinements made as necessary to achieve optimal convergence. 

Finally, in order to avoid phase unwrapping, the tomographic reconstructions are carried out 

on the horizontal derivative of the phase maps using the FBP method with a Hilbert filter[136] 

with the ESRF in-house software NABU [130]. The calculation of the mass density (ρ) for the 

volumes is similar to the HXCT method [132].
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3.3.3 X-ray Fluorescence Computed Tomography

XRF provides access to elemental concentrations with high efficiency, down to trace 

elements. The XRF setup uses two energy resolving X-ray detectors based on multi-element 

Silicon Drift Detector (SSD) technology.

Fig. 3.16 Schematic representation of X-ray fluorescence setup. The incoming X-rays are 

focused by the KB optics, and the sample is positioned in the focal plane. 2D XRF maps are 

acquired by scanning the sample on-the-fly through the nanofocus while collecting full X-ray 

fluorescence emission spectra with energy dispersive detectors. The raw X-ray fluorescence 

spectra of the extracted sample, summed over the different detector.

The first detector is a custom Ardesia-16 detector from Politecnico di Milano [137] consisting 

of a monolithic SDD with 16 elements, whereas the second detector is a commercial Vortex 

ME7 from Hitachi High-Tech Science America consisting of 7 individual close-packed SDD 

elements. At the X-ray focus, the detectors are positioned on either side of the sample, 

perpendicular to the beam direction in the horizontal plane. The sample is scanned on-the-fly 

(grid scan) through the nanofocus while the emitted X-ray fluorescence signal is recorded.
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Fig. 3.17 3D-XRF (Fluorescence X-ray computed tomography) data processing workflow: 

Sequential steps from raw data to the final 3D reconstructions.

Being a scanning method, FXCT is typically orders of magnitude slower than full-field phase 

imaging methods. To obtain 2D XRF maps the full X-ray fluorescence emission spectra are 

collected using the energy-dispersive detectors. They are stored for each individual detector 

element. In addition, a sum spectrum of all detector elements is generated and saved owing to 

the common energy calibration. The same procedure is repeated for different angular positions 

of the sample for FXCT. For the experiments, to provide more information about the sample, 

typically a region of interest was selected based on the observation of more intra- and 

intergranular features in the reconstructed phase contrast tomography volumes. The field-of-

view and pixel step size in the x-y plane are configured according to experimental 

requirements. Given the extended acquisition times typically required for tomography, scans 

are divided into sub-tomograms, each spanning a complete 0 – 180° angular range with evenly 

distributed alternating projections. In this study, the total number of projections necessary for 

the reconstruction was determined to ensure adequate sampling over the full angular range, 

with uniform alternate angular spacing maintained within each sub-tomogram. For example, 

with 64 projections, the first sub-tomogram uses the angular spacing corresponding to the 

projections 1, 3, 5, ..., 31 (0–180°), while the second uses 32, 30, 28, ..., 2 (180–0°).This 

approach serves to mitigate potential issues during data acquisition; in the event of an 

interruption, a single sub-tomogram covering a complete 0 – 180° dataset can still be utilized 

to reconstruct a fairly good volume. This strategy minimizes the impact of missing angular data
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and ensures the reliability of the reconstructed volumes. To improve projection alignment, an 

additional projection is acquired at 180° if not already included in the sub-tomograms. We 

usually choose a setting that provides the best compromise between the target resolution and 

the field of view, while still having a sufficient number of projections. 

The spectral fitting and normalization of the XRF data are performed with a Python script using 

the PyMCA library [138]. The results are 2D maps of the areal mass density (in ng/mm2) of 

the different elements in the sample with atomic number Z > 12. The projections are then 

precisely aligned based on the tomographic consistency [139,140]. Contrary to HXCT and 

NFPXCT, the tomographic reconstruction of each chemical element is done using an advanced 

algebraic reconstruction method – regularized Maximum Likelihood Expectation 

Maximization (MLEM) [141] implemented with ESRF in-house software using the ASTRA 

Toolbox [142]. 

While the general methodology for HXCT, NFPXCT, and FXCT remains largely consistent, 

there may be slight variations in the experimental parameters and data processing tailored to 

the specific cases in the following chapters. The corresponding sections of each chapter will 

outline these nuanced differences as they apply to each individual study. 
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4 Phase Contrast and Element-Sensitive Synchrotron 

Nanotomography of Al-1Fe-1Zr Alloy 

 
4.1 Introduction 

The properties of materials are intricately linked to their internal architecture, 

necessitating detailed non-destructive characterization of microstructural features using 3D X-

ray imaging techniques. This relationship is particularly complex in the context of AM 

materials, where the microstructures are significantly influenced by the complex thermal cycles 

and high anisotropy inherent to AM processes. These factors result in microstructures that 

differ from those found in conventionally manufactured materials. Such inconsistencies are 

evident in the variations observed in grain size, phase distribution, and porosity, not only 

between AM and traditional materials but also within different regions of the same AM part, 

depending on the specific processing parameters employed during fabrication. It is therefore 

essential to gain an understanding of these microstructural variations in order to accurately 

evaluate the material's properties using 3D X-ray imaging techniques. It is of the utmost 

importance that the correct imaging parameters are selected and that the microstructural data 

is accurately interpreted in order to ensure the reliability of the conclusions drawn about the 

material's properties. Additionally, optimizing acquisition parameters is essential to achieve 

the best possible balance between characterization quality and the required time and cost. This 

optimization also facilitates a compromise between spatial resolution and field of view, as 

exemplified in techniques such as FXCT, enabling efficient and high-quality characterization 

of the material. 

As discussed in the previous chapters, the microstructural features in the Al-1Fe-1Zr alloy 

exhibit a significant level of complexity, shaped by the material's processing history. At the 

ID16A Nano-Imaging beamline of the ESRF, advanced 3D X-ray imaging techniques are 

employed for the detailed characterization of these microstructures. Each of these methods 

leverages the coherent nature of synchrotron-generated X-rays to produce high-resolution 

volumetric data, offering unique advantages depending on the application. However, a 

significant challenge lies in the optimization of experimental parameters to enhance imaging 

quality and the fidelity of the reconstructed volumes. 
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The full potential of these techniques can only be realized through meticulous optimization of 

the experimental parameters, which must be tailored to the specific material and the 

microstructures under investigation. This chapter aims to explore how these experimental 

strategies can be optimized, not only for the current samples but also for similar samples that 

could benefit from these investigations in the future. Special attention will be given to 

optimizing parameters such as the number of projections, the energy of the X-rays, and the 

application of techniques like random displacement to improve the overall quality of the data 

and the efficiency of the imaging process. The goal is to establish a robust framework that 

facilitates the best possible evaluation of microstructures, enhancing both the resolution and 

the accuracy of the data obtained. 

Moreover, this study aims to provide a detailed examination of the ultrafine internal structure, 

morphology, and local mass density of the Al-1Fe-1Zr alloy. This is done by employing the 

phase-contrast nanotomography techniques. Additionally, a comparative evaluation of HXCT 

and NFPXCT was conducted, focusing on their performance in terms of acquisition and 

reconstruction time, and the quality of the reconstructed volumes. Both techniques offer critical 

insights into the internal architecture of the alloy but differ in their approaches to the 

reconstruction process and the trade-offs between speed and resolution. These insights are 

further complemented by FXCT, which provides a comprehensive view of the internal structure 

and composition, enabling the quantitative analysis of local elemental distributions in 3D. 

The principal goal of the research presented in this chapter is to address the following key 

questions: 

 What are the capabilities of the different 3D Synchrotron-Based X-ray Imaging Techniques 

available at the ID16A Nano-Imaging beamline of the ESRF and how can they be optimally 

applied to characterize Al-1Fe-1Zr alloy? 

 What methodological optimizations and parameter modifications were introduced to the 

experimental setup to enable a comprehensive 3D characterization of the microstructures? 

To answer these questions, several samples of the alloy were systematically studied. While the 

primary focus remained on investigating the microstructures, various experimental 

optimizations were also explored to enhance the effectiveness of these advanced imaging 

techniques. 
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4.2 X-ray Energy Criterion 
The choice of X-ray energy at the ID16A beamline is a nuanced decision that must 

consider the specific demands of the imaging technique and the material under study. The 

different techniques may necessitate a tailored approach to X-ray energy, particularly when 

investigating materials with varying densities and compositions or when conducting correlative 

studies that require both phase contrast imaging and X-ray fluorescence analysis. 

For the Al-1Fe-1Zr alloy, the choice of X-ray energy directly impacts the balance between 

contrast, spatial resolution, and the minimization of artefacts. The ID16A beamline provides 

two primary X-ray energies: 17.1 keV and 33.35 keV, each offering distinct advantages 

depending on the specific imaging requirements. 

For HXCT, to illustrate the impact of the two X-ray energies, measurements were conducted 

using the same pixel size of 10 nm, acquiring 2000 projections with an exposure time of 0.3 

seconds per radiograph and applying a random displacement of 50 pixels. 

The phase maps obtained at 17.1 keV (Fig. 4.1 a) demonstrate that this lower energy X-ray 

provides enhanced contrast, which is particularly effective for highlighting fine features within 

the alloy. This effect arises from the increased interaction of lower-energy X-rays with the 

sample, which enhances differential interactions and emphasizes variations in density and 

composition within the material. As described in equation (3.3), the phase shift Φ is 

proportional to the X-ray wavelength λ and thus inversely proportional to the energy E. 

Specifically, the phase shifts are approximately halved due to the shorter wavelength at the 

higher energy, when switching from 17.1 keV to 33.35 keV. This results in a greater differential 

interaction, thereby accentuating the differences in density and composition within the 

material. However, this advantage is accompanied by a drawback in the form of pronounced 

artefacts, which must be taken into account when interpreting the results. Fig. 4.1(c) illustrates 

the phase map after applying a bandpass filter for the purpose of normalizing the cylindrical 

profile of the sample. The aforementioned artefacts become evident, which are predominantly 

associated with inhomogeneous wavefront correction. As previously stated in section 3.2.2, 

two KB mirrors are available, one for each energy. It can be observed that the artefacts are 

pronounced, which is likely attributed to the specific characteristics of the beam features 

produced by the KB mirror of 17.1 keV energy. The corresponding line profile plot (Fig. 4.1 

e) serves to further highlight these artefacts, which are particularly evident at the sample edges, 

where they have the potential to significantly obscure image information. 
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Fig. 4.1 Phase maps from HXCT at 17.1 keV and 33.35 keV are presented in (a) and (b), 

respectively. Images (c) and (d) show the phase maps after applying a bandpass filter to 

normalize the cylindrical profile of the sample, allowing for better visualization of residual 

artefacts for the respective energies. The corresponding line profile plots in (e) and (f), along 

the marked orange line, illustrate the presence of strong artefacts at 17.1 keV, which are 

significantly reduced at 33.35 keV. The pixel size in all images is 10 nm.

In contrast, the phase maps at 33.35 keV (Fig. 4.1 b) demonstrate a substantial reduction in 

these artefacts, as seen in the bandpass filtered image (Fig. 4.1 d) and the line profile plot (Fig. 

4.1 f). Although the overall contrast at this higher energy is reduced by approximately a factor 

of two compared to 17.1 keV, the enhanced image quality, characterized by a reduction in 

artefacts, facilitates a more precise analysis of the sample's internal structure. This reduction in 

artefacts at 33.35 keV is of critical importance for the reliable acquisition of data, particularly 

in situations where the subsequent post processing of microstructural features is required.
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Fig. 4.2 The radial slices of the reconstructed HXCT volumes at 17.1 keV and 33.35 keV are 

shown in (a) and (b), respectively. While the contrast is noticeably higher at 17.1 keV, this 

comes at the expense of strong ring artefacts, particularly evident in the bandpass-filtered 

images (c) and (d) corresponding to each energy, with the most pronounced artefacts 

appearing at the sample periphery.

The reconstructed HXCT volumes demonstrate the result of these artefacts. As illustrated in 

Fig. 4.2 (a), the 17.1 keV energy yields volumes with markedly enhanced contrast, which is 

beneficial for visualizing the intricate details of the alloy's microstructure. However, this 

advantage is counterbalanced by the emergence of pronounced ring artefacts, as evidenced in 

the bandpass-filtered images (Fig. 4.2 c), especially at the periphery of the sample. Such ring 

artefacts have the potential to restrict the accuracy during image analysis, which could result 

in misinterpretations of the image information.
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Conversely, the reconstructed volumes at 33.35 keV (a slice is shown in Fig. 4.2 b) demonstrate 

a notable decrease in these ring artefacts, as shown by the bandpass filtered image (Fig. 4.2 d). 

Although the contrast at this higher energy is reduced, the considerable reduction in artefacts 

results in a more accurate and reliable extraction of information and visualization. This makes

33.35 keV a more suitable option for HXCT measurements.

In the context of Near-Field Ptychographic X-ray Computed Tomography (NFPXCT), both the 

sample transmission function (object) and the incident illumination function (probe) are 

retrieved simultaneously. The experimental conditions were identical, including a pixel size of 

5 nm, 2400 projections with a 0.3 seconds exposure per radiograph, and a random displacement 

of 50 pixels at the two energies. The phase retrieval for both energies was done using one 

iteration of Alternating Projections [134] followed by Difference map [143] for 400 and 

Maximum Likelihood optimization [135] for 200 iterations while updating the probe.

Fig. 4.3 Amplitude and phase maps of the probe at 17.1 keV are shown in (a) and (b), 

respectively, while the corresponding maps for 33.35 keV are displayed in (e) and (f) (same 

sample but different regions). The reconstructed phase maps of the object at 17.1 keV and

33.35 keV are presented in (c) and (g). Enlarged regions (marked red in c and g) of the object 

phase maps are provided in (d) and (h).

The phase maps reconstructed at 17.1 keV exhibit considerably enhanced clarity, with minimal 

noise, thereby demonstrating the superior performance of this lower energy setting in capturing 

fine structural details. This is especially pertinent for NFPXCT, where the objective is to attain
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high-quality phase contrast imaging, particularly for such high-resolution measurements. The 

minimal noise at 17.1 keV enables a more precise interpretation of the specimen's internal 

features and is also crucial for microstructural post-processing analysis. Conversely, the phase 

maps acquired at 33.35 keV demonstrate a notable increase in the level of noise, particularly 

in the finer details of the reconstructed phase maps. This elevated noise level is discernible in 

the magnified regions, where it becomes evident that the phase maps at 33.35 keV are 

susceptible to potentially lower object information. The increased noise at this higher energy 

likely stems from the reduced interaction at 33.35 keV, leading to less intrinsic contrast in the 

KB beam at higher energy and less 'mixing' of the probe and object information. As a 

consequence, the extraction of phase information is less efficient. This indicates that, although 

higher X-ray energies can be advantageous in certain circumstances, they are less appropriate 

for NFPXCT when the main aim is to obtain high-resolution phase contrast images with 

minimal noise. 

For correlative studies combining phase-contrast imaging with X-ray fluorescence, 33.35 keV 

is the required energy. This choice is driven by the need to excite the K-edge of Zr, which is 

critical for effective fluorescence imaging. Additionally, using this energy increases the 

efficiency of fluorescence imaging by minimising the self-attenuation of the emitted radiation, 

while also allowing the simultaneous acquisition of both phase contrast and fluorescence data. 

 

 
4.3 Random Displacement Technique 

The 3D data generated by X-ray nanotomography provide critical insights into the 

properties of materials; however, the extraction of precise information is often compromised 

by the presence of ring-shaped artefacts in the reconstructed slices . These artefacts, which 

result from imperfections in the X-ray optics, residually present after flatfield correction or 

non-uniform detector pixel response, are localized at specific pixels across all angular 

projections, producing rings in the transverse cross-sections of the 3D dataset [144–146]. 

To mitigate these artefacts, a technique known as random displacement is employed during the 

scans at the beamline [147]. This method involves randomly moving the sample orthogonally 

to the incoming beam between successive tomographic angles. By realigning the projections 

during data processing, the essential information about the object is correctly overlaid while 

the artefacts introduced by the beam's amplitude and phase gradients are smeared out [147]. 
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Fig. 4.4 Illustration of the object-probe mixing in a sample. Image (a) shows the projection 

without the sample, while (b) displays the raw projection with the sample present. (c) presents 

the projection after correcting for the empty beam, it shows the prominent residues from the 

probe at the edges of the sample that remain after flat field correction.

The range of the random displacement is carefully determined by several factors, including the 

speed of the piezoelectric stages, the scan duration, and the characteristic size of the beam 

features that could degrade the 3D reconstruction [128]. To streamline the process, the lateral 

movement of the piezo stages is synchronized with the incremental rotation of the sample, 

ensuring high spatial resolution while maintaining stability at each angle. The exact positions 

of the sample for each angle and displacement are recorded during the scan and later used 

during phase retrieval to realign the projections. This approach eliminates the need for 

additional post-processing, as the phase maps are automatically aligned. Displacement ranges 

of 25, 50, 100, and 150 pixels were tested for a study to understand the effect of random 

displacement with the same other experimental parameters. The corresponding reconstructed 

volumes are shown in Fig. 4.5. This was employed during a HXCT scan at 33.35 keV, with a 

pixel size of 10 nm. Generally, for larger pixel sizes, a displacement range of 25 pixels is 

commonly used to minimize the impact on scan time.
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Fig. 4.5 Comparison of the effects of varying ranges of random displacement on the image 

quality of the same radial slice of a HXCT volume. The 25px displacement exhibits pronounced 

ring artefacts due to the characteristic size of the beam features, while a 50px displacement 

shows a modest reduction in these artefacts. A 100px displacement demonstrates a significant 

improvement, effectively smearing out the rings, and offers an optimal balance between 

acquisition time and signal-to-noise ratio (SNR). A 150px displacement results in only a slight 

further improvement.

Table 4.1 The relationship between the random displacement used during scanning, the 

resulting SNR, and the corresponding acquisition time is shown for a pixel size of 10 nm.

Random

Displacement (px)

Acquisition time (mins)

for 4 distances (HXCT)

SNR

25 160 2.4

50 162 2.65

100 166 3.5

150 172 3.6
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Among the available definitions [148,149], the straightforward expression provided in Eq. 

(4.1) has been utilized to calculate the SNR: 

  (4.1) (ܾ݃݇) ߪ (݈݁݌݉ܽݏ) ߤ = ܴܰܵ 
Here, μ (sample) represents the mean grey-level value measured within the sample, while σ 

(bkg) refers to the standard deviation of the background, which is measured in a region selected 

outside the sample, typically in the air or vacuum. 

 
The data presented in Table 4.1 underscores the impact of varying random displacement ranges 

on both image quality and acquisition time, with a clear correlation between increased 

displacement and improved SNR (deduced from the radial slices). With a 25px displacement, 

ring artefacts are particularly pronounced, likely due to the characteristic size of the beam 

features. Increasing the displacement to 50px leads to a modest reduction in these artefacts. 

This progression highlights a significant enhancement in image quality at 100px displacement, 

where the SNR markedly improves from 2.65 to 3.5. However, the SNR gain from 100px to 

150px is minimal, increasing only slightly. 

 
In terms of acquisition time, it reflects a gradual increase in time required with larger 

displacements (for 10 nm pixel size). Despite the time increase, the 100px displacement strikes 

an effective balance by providing a substantial improvement in SNR and significantly smearing 

out ring artefacts, with only a modest additional time investment of 6 minutes over the 50px 

displacement for 10nm pixel size. The observed ring artefacts are not continuous, as typically 

seen, and their size is comparable to the sample features and the wavefront inhomogeneities. 

Additionally, the quality of the reconstructed image obtained with the optimal random motion 

facilitates easier post-processing. While the 100px displacement significantly mitigates the ring 

artefacts, it does not entirely remove them, indicating the need to explore other options for 

completely eliminating such artefacts in these types of samples. 
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4.4 Impact of the number of projections 
In X-ray tomography, the number of projections acquired during a scan represents a 

fundamental parameter that directly influences the quality of the reconstructed image. The 

number of projections determines the resolution, reconstruction artefacts, and overall quality 

of the volumes. Increasing the number of projections generally improves resolution and reduces 

artefacts, but this improvement comes at the cost of longer acquisition times and increased 

computational demands. The relationship between the number of projections and the quality of 

the reconstructed tomographic image is inextricably linked to the angular separation between 

each projection. The angular separation should ideally match the voxel size, ܾݔ݋ݒ, at the edge 

of the field of view (FOV) for 180°. This can be estimated using a simple rule of thumb, where 

the number of projections is calculated using the equation: 

 ܸܱܨ ߨ ≤ ݆݋ݎ݌ܰ 
 ݔ݋ݒܾ 2 ) 

 ) (4.2) 
Although this formula provides a simplified representation of the underlying physics, it offers 

a practical starting point for estimating the minimum number of projections required to achieve 

a desired resolution. Furthermore, oversampling, or the acquisition of an excessive number of 

projections, has the potential to introduce practical complications. Prolonged scans may result 

in sample drift, particularly in cases where the samples are not stabilized. This can lead to a 

degradation in the quality of the reconstruction. This effect is particularly pronounced in the 

case of ultrafine microstructures, where it is of the utmost importance to achieve an optimal 

balance between resolution, scan duration and the minimisation of artefacts. 

 
In HXCT, a standard number of projections is typically set at 2000, as this offers a balanced 

compromise between scan duration, spatial resolution, and artefact minimization, making it 

suitable for many experiments. However, according to eqn. 6.2, with a pixel size of 10 nm and 

a FOV of 2048 x 2048 pixels, the minimum number of projections required for optimal 

reconstruction is approximately 3200. To investigate the effects of varying projection numbers 

on tomographic reconstruction quality, a systematic experiment was carried out on an Al-1Fe-

1Zr sample. 

 
The projection numbers of 1000, 2000, 4000, and 8000 were selected based on a systematic 

geometric progression designed to investigate the impact of the number of projections on 

reconstructions. The calculation from eqn. 4.2 indicates the selection of 4000 as a value slightly 
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above the minimum threshold for high-resolution imaging. Given that 2000 projections 

represent the standard for HXCT, this figure was selected as a baseline for typical acquisition 

conditions. The doubling of the projection number to 4000, and then again to 8000, permitted 

the assessment of incremental enhancements in image quality, while 1000 projections served 

as an undersampling case for comparison.

A total of 8000 projections were acquired in a single scan to acquire all necessary data at four 

increasing distances from the X-ray focus for HXCT. Subsequently, the data was reconstructed 

using subsets of 1000, 2000, 4000, and 8000 projections. The scan was performed with a pixel 

size of 10 nm, an exposure time of 0.3 seconds per projection, and an energy of 33.35 keV. 

Additionally, a random displacement of 100 pixels was applied to reduce ring artefacts.

Fig. 4.6 Radial slices of reconstructed tomographic volumes using 1000, 2000, 4000, and 

8000 projections, demonstrating the effect of projection count on image quality and noise.

Fig. 4.6 presents the radial slices of the reconstructed tomographic volumes for 1000, 2000, 

4000, and 8000 projections, which illustrates the impact of projection count on image quality.
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At 1000 projections, the image is significantly undersampled, resulting in the emergence of 

pronounced reconstruction artefacts and noise. The corresponding signal-to-noise ratio (SNR) 

is notably low, at 2.9. As the number of projections increases, there is a considerable 

improvement in image quality, with an increase in the signal-to-noise ratio. 

Table 4.2 Influence of projection count on tomographic volume reconstruction and 

corresponding SNR 
 SNR ݆݋ݎ݌ܰ 

1000 2.9 

2000 3.5 

4000 4 

8000 4.2 

 
 
Using 2000 projections, a considerable enhancement in image clarity and a reduction in 

artefacts can be observed, indicating that this number of projections represents a significant 

improvement over the undersampled case. At 4000 projections, the image quality attains an 

optimal level, exhibiting minimal noise and clear structural detail. Nevertheless, when the 

number of projections is increased to 8000, the improvement in image quality becomes 

marginal, with the signal-to-noise ratio rising only slightly from 4.0 to 4.2. These results 

indicate that the additional benefits of acquiring more than 4,000 projections may be minimal, 

particularly when considering the associated costs in terms of time and data management. 

As illustrated in Fig. 4.7, the presentation of a selected region of interest from the axial slices 

of each reconstruction serves to demonstrate the reduction of stripe artefacts as the number of 

projections increases. Stripe artefacts, which are commonly observed in data obtained from 

undersampled tomography, represent a significant source of image degradation. At 1000 

projections, these artefacts are highly visible, contributing to a noisy image. As the number of 

projections increases to 2000 and 4000, the artefacts are progressively reduced. By 4000 

projections, the stripe artefacts are minimal, and no significant further reduction is observed at 

8000 projections. This indicates that 4000 projections provide an optimal balance between 

artefact suppression and practical scan time. 
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Fig. 4.7 Axial slices of a region of interest from reconstructions using 1000, 2000, 4000, and 

8000 projections, showing the reduction of stripe artefacts with increasing projections. Line
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profile plots of mass density demonstrate significant variations at 1000 projections, with 

smoother profiles observed as projection numbers increase. 

A quantitative analysis of the reconstructed volumes was conducted through the examination 

of the line profiles extracted from each volume. The profiles demonstrate considerable 

variability and noise at 1000 projections, which impairs the precision of the representation of 

the sample's total mass density distribution. As the number of projections increases, the line 

profiles become progressively smoother, particularly at 4000 projections, which accurately 

represent the actual density variations within the sample. Although the profile for 8000 

projections exhibits a slight further improvement in smoothness, the difference is minimal, 

thereby reinforcing the conclusion that 4000 projections are sufficient for the generation of 

high-quality reconstructions within the context of this experimental procedure. 

These findings are crucial for optimizing synchrotron-based tomography experiments, where 

the balance between scan time, data quality, and artefact minimization must be meticulously 

managed. Furthermore, as techniques such as HXCT and NFPXCT are employed for the 

quantitative analysis of microstructures, selecting the optimal number of projections ensures 

that the reconstructed volumes accurately reflect the internal architecture of the material, free 

from undersampling or excessive noise. 

4.5 Faster nano-positioning using a real-time control system 
Precise and faster nano-positioning control system is essential for achieving high-

resolution imaging within practical acquisition times, while also maintaining spatial resolution 

fidelity. The implementation of a real-time control system at the ID16A beamline of the 

European Synchrotron Radiation Facility (ESRF), commercially known as Speedgoat, marked 

a significant advancement in nanoscale synchrotron imaging capabilities. Integrated by 

Thomas Dehaez, Francois Villar (ISDD/ESRF) and the ID16A beamline staff, it delivered 

notable improvements in acquisition times and data quality. 

In this work, the upgraded real-time control system was applied for the first time to high-

resolution 3D FXCT imaging (Chapter 6), leading to a significant improvement in acquisition 

efficiency. For HXCT scans at a voxel size of 15 nm³ and a random displacement of 25 pixels, 

acquisition time was reduced from ~2.5 hours to 2 hours. Although relatively modest, the 

improvements were more substantial for FXCT. A direct benchmark comparison between the 

legacy and upgraded systems, conducted under identical scan conditions, demonstrated a 

substantial enhancement in FXCT acquisition performance. Previously, an FXCT scan 
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covering a 36 × 36 × 8 μm3 height FoV with a 100 nm step size required approximately 22 

hours. Post-upgrade, a comparable scan of 40 × 40 × 8 μm3 height using the same step size was 

completed in just 8.5 hours - a threefold reduction in acquisition time. The real-time control 

system mitigates mechanical vibrations during high-speed scanning and, due to the reduction 

in overall scan duration, significantly limits sample drift. Both factors are critical for preserving 

alignment accuracy and maintaining high-fidelity reconstruction, particularly in long-duration 

tomography acquisitions. Fig. 4.8 compares reconstructed volumes of the same sample before 

and after the upgrade, using the parameters outlined above.

Fig. 4.8 Comparison of nanoscale imaging and particle quantification before and after the 

Speedgoat system upgrade at the ID16A beamline. The top and bottom rows display Zr, Fe,
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and Ga elemental maps of the analyzed sample, with the top row representing pre-upgrade 

data and the bottom row showing post-upgrade results. The middle panel highlights enlarged 

views of Zr and Fe distributions before and after the upgrade, illustrating improved resolution 

and particle detection. Histograms on the right quantify Zr and Fe nanoparticle distributions, 

demonstrating a significant increase in detected particles post-upgrade, attributed to enhanced 

imaging precision and accuracy in the positioning and scanning. Quantification was 

performed using consistent parameters, ensuring comparability of particle volumes and 

distribution. 

The upgrade’s benefits are evident in the histograms representing the distribution of particle 

volumes, showing significantly improved particle quantification. ImageJ 3D object counter 

analysis revealed that, after the upgrade, nearly twice as many Zr-rich nano-intermetallic 

particles were detected compared to the legacy system. The analysis was standardized, 

counting particles ranging within 6 to 20 voxels in size with a threshold value of 20, ensuring 

consistency between the datasets. 

The improved acquisition speed, enhanced stability, and minimized drift achieved with the 

upgraded control system enabled significant advancements in FXCT imaging resolution. High-

efficiency data collection facilitated ultrafine-resolution scans with a voxel size of 36 nm³ over 

a 35 × 35 × 3.6 μm³ FoV, using 192 projections acquired in 40 hours. These scans provided 

unprecedented insights into the microstructural evolution and spatial distribution of Fe- and 

Zr-rich intermetallics in LPBF-processed Al–1Fe–1Zr alloys, substantially advancing our 

understanding of their behaviour. As demonstrated in Chapter 6, the capabilities of the 

upgraded system were pivotal in enabling such high-resolution FXCT imaging, underscoring 

the critical role of continuous technological progress in synchrotron-based materials 

characterization. 

4.6 Image alignment for high resolution nano imaging 
Achieving high spatial resolution in HXCT requires careful attention during both 

acquisition and data processing. One essential aspect in this context is image alignment, which 

becomes increasingly critical as voxel sizes approach the nanometric regime. At such 

resolutions, even minor misalignments between successive projections can introduce artefacts 

that obscure fine features and compromise the spatial fidelity of the reconstruction. These 

artefacts become especially problematic when the goal is to resolve nanoscale intermetallic 

particles. 
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In standard tomographic acquisition, parameters such as X-ray energy, exposure time, and 

number of projections are generally selected based on established protocols. However, in the 

context of nano-imaging, specific steps such as phase retrieval and image alignment require 

careful adjustment. As spatial resolution increases, the sensitivity of the reconstruction to small 

deviations also increases, amplifying the importance of precise image registration.

Fig. 4.9 Comparison of HXCT slice quality before and after image alignment. (a) and (b) shows 

HXCT slices before and after alignment, respectively. The respective enlarged images are 

shown in (c) and (d) highlighting distortions before the alignment and enhanced delineation of 

microstructural features and improved resolution following alignment correction, respectively.

Despite efforts to stabilize the sample stage and reduce acquisition times to minimize drift, 

misalignment artefacts may still persist. These artefacts are particularly detrimental when 

attempting to visualize ultrafine features, such as nanoscale intermetallics or precipitates. This 

is clearly demonstrated in Fig. 4.9 (a), where an HXCT slice prior to alignment correction 

shows noticeable artefacts. The enlarged view in Fig. 4.9 (c) highlights the extent of these
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distortions. After applying alignment corrections, the same slice (Fig 4.9 (b) and (d)) shows a 

marked improvement in image quality, with clear delineation of microstructural features that 

were previously obscured. The alignment procedure follows a newly developed approach that 

describes the parasitic sample movement during thousands of projections with a limited (<10) 

number of parameters. An image quality metrics is minimized as a function of those parameters 

to find the optimal alignment corrections. 

Also, in the context of FXCT, image alignment plays an important role. Here, the alignment is 

used extensively to correct the projections prior to the volume reconstruction. Vertical 

alignment is achieved by registering the vertical mass profile, exploiting the fact that the 'mass' 

within a tomographic slice is invariant to a rotation. The horizontal alignment is performed 

using a tomographic consistency approach [139,140]. These steps ensure that the reconstructed 

elemental volumes accurately reflect their true spatial distribution. Therefore, image alignment 

is not merely a procedural step but a fundamental requirement for achieving true nanoscale 

resolution. Continued development and refinement of alignment techniques will remain crucial 

for advancing the capabilities of synchrotron-based imaging and for enabling high-fidelity 

characterization of nanoscale microstructural features. 
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4.7 Nanoscale 3D characterization of Al-1Fe-1Zr Alloy 
In order to elucidate the complex internal structure of the new Al-1Fe-1Zr alloy at the 

nanoscale, this study employs the three imaging techniques of the beamline to unravel the 

alloy’s ultrafine internal structure, morphology, and mass density with high resolution. A 

comparative analysis of HXCT and NFPXCT was conducted, with a particular focus on 

acquisition and reconstruction times, as well as the quality of the reconstructed volumes. The 

objective of this study was to identify the most effective approach for resolving the complex 

microstructural features of the alloy. To ensure consistency and accuracy in the evaluation, all 

experiments were conducted using the same sample and instrumentation setup. Furthermore, 

complementary X-ray fluorescence computed tomography (FXCT) was used to provide 

quantitative data on the elemental distribution. These investigations gave a comprehensive 

understanding of the spatial distribution of Fe-rich and Zr-rich intermetallics within the Al 

matrix. The integration of these imaging techniques provides a comprehensive understanding 

of both the microstructural and elemental distribution characteristics of the Al-1Fe-1Zr alloy. 

 

 
4.7.1 Materials and methods 

Samples of the Al-1Fe-1Zr alloy were produced using a custom-designed, miniaturized 

LPBF system, at the Paul Scherrer Institute’s MicroXAS beamline of the Swiss Light Source 

(SLS) [150]. The system is specifically designed to be installed at synchrotron beamlines and 

incorporates the fundamental features of commercially available LPBF machines. To prevent 

oxygen contamination, the build chamber was continuously purged with high-purity argon gas, 

and the oxygen levels were carefully monitored. The samples were fabricated with a wall 

geometry of 2 × 0.2 × 1 mm3 (length × width × height), using the following process parameters: 

laser power (E) of 370 W, hatch spacing of 130 μm, scanning speed (v) of 1400 mm/s, and a 

layer thickness of 60 μm (corresponding to 1–2 hatch layers). 
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Fig. 4.10 SEM image of the additively manufactured wall showing the position of the extracted 

sample (marked in black) for high-resolution 3D characterization.

A cylindrical sample, approximately 22 μm in diameter and 45 μm in length was extracted 

from the additively manufactured wall (Fig. 4.10) using focused ion beam (FIB) milling with 

an FEI Helios Nanolab 600i dual-beam system (electron and Ga+). Prior to the milling process, 

a platinum coating was applied to the extraction area to protect the region of interest from 

potential damage. Following extraction, the sample was mounted onto a modified tungsten 

Omniprobe needle using platinum deposition and subsequently attached to a Huber sample 

holder.

4.7.1.1 3D Characterization

To demonstrate the potential of the two full-field coherent imaging techniques, HXCT 

and NFPXCT, and to accentuate the accuracy of the results, both measurements were carried 

out at 33.35keV, with the same voxel size of (15 nm)³ and 4000 projections with an exposure 

time of 0.3 s/projection.

For HXCT, tomography scans were done at 3 increasing distances from the focus. The phase 

retrieval and reconstruction of HXCT and NFPXCT are discussed in detail in section 3.3. For 

the case of NFPXCT, the phase retrieval of the first projection was done using one iteration of 

Alternating Projections [134] followed by Maximum Likelihood optimization [135] for 4000 

iterations while updating the probe. The following projections were started with the previous
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reconstruction as an initial guess and then improved by Maximum Likelihood optimization 

[135] for 100 iterations without updating the probe followed by 200 iterations updating the 

probe. The tomographic reconstructions are carried out on the horizontal derivative of the phase 

maps using the FBP method with a Hilbert filter[136] with the ESRF in-house software NABU 

[130]. After deriving the quantitative results from the resulting tomographic volumes, they 

were further processed for visualization purposes using bandpass filters available in ImageJ 

[151] to correct for gray value gradients caused by the Pt deposition. 
 
For FXCT, a total number of 65 projections over 180° were acquired with 2 sub-tomograms of 

32 projections each and a final projection at 180° to improve the alignment of the projections. 

This setting provides the best compromise between the target resolution and the field of view 

while still having a sufficient number of projections. Taking into account the step pixel size of 

100 nm and dwell time of 50 ms for each pixel step, and the acquisition overhead time, each 

projection took ~18 minutes to acquire, resulting in a total scan time of a about 20 hours. 
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4.7.2 Results

The microstructure in the tomographic reconstructions consists of a grey aluminium 

matrix and bright intermetallic phases, likely rich in Fe and Zr [92]. Representative 2D 

reconstructed slices of the alloy, obtained using HXCT (Fig. 4.11 (a), (e)) and NFPXCT (Fig.

4.11 (b), (f)), are shown in Fig. 4.11. These phase-contrast tomography techniques reveal the 

morphology, distribution, and connectivity of intermetallic phases that decorate fine equiaxed 

Al grains (<10 μm) (Fig. 4.11). Fe-rich intermetallics form an intergranular network along the 

grain boundaries, while compact cuboidal Zr-rich primary particles are found within some Al 

grains (marked in Fig. 4.11 (a)), consistent with previous findings [92,100].

Fig. 4.11 Comparison of phase-contrast nano-tomography slices from HXCT ((a), (e)) and 

NFPXCT ((b),(f)) showing intra- and intergranular structures in the Al-Fe-Zr sample. The 

mass density maps are displayed both parallel ((a) and (b), x-y slices) and perpendicular ((e) 

and (f), x-z slices) to the Build Direction (indicated by the gold arrow labelled BD). Fe-rich 

intermetallics and Zr-rich primary particles are visible in (a). Enlarged images (c and g) 

highlight regions of interest from the NFPXCT slice marked in (b) by red and green boxes. 

Plots in (d) and (h) correspond to the line profiles (blue lines in (c and g)) of the respective 

regions, showing the total mass density of the intermetallic phases.

NFPXCT, which separately reconstructs the object (transmission function) and probe (incident 

illumination function), offers enhanced spatial resolution, as evaluated by Fourier shell 

correlation (FSC), achieving 57 nm for NFPXCT compared to 70 nm for HXCT (Fig. 4.12).
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Additionally, NFPXCT provides a superior signal-to-noise ratio (15 to 10) as it bypasses the 

flat-field correction approximation required in HXCT [152].

Fig. 4.12 Fourier shell correlation (FSC) analysis of the HXCT (left) and NFPXCT (right) 

volumes, performed on a central region of each volume measuring (500)³ pixels. The FSC curve 

represents the raw correlation, while the FSC smooth - reduces noise for clearer interpretation. 

The 1/2-bit threshold indicates the spatial frequency where the reconstruction contains 

statistically significant information, commonly used to define resolution. The stricter 1-bit 

threshold marks the frequency where structural features are reconstructed with high certainty.

Despite this, HXCT still produces reconstructions of sufficient quality. Fig. 4.11 (e) shows 

vertical line artefacts in the axial HXCT slices, while NFPXCT is free from such artefacts. 

Enlarged regions of interest from the NFPXCT slices (marked by red and green rectangles in 

Fig. 4.11 (b) are shown in Fig. 4.11 ((c) and (g)), where intermetallic phases with similar 2D 

morphologies but slight differences in mass density are observed, as highlighted by the line 

profiles in Fig. 4.11 ((d) and (h)). The accuracy of the mass density estimations from the 

NFPXCT reconstructions suggests potential compositional variations within these intermetallic 

phases. To further investigate local elemental concentrations, FXCT was employed as a crucial 

complementary technique. Given the extended acquisition times required for FXCT, a reduced 

field of view (5 μm in height and 28 μm in width) was selected in a region rich in intermetallics. 

For detailed correlative analysis, the FXCT results in Fig. 4.13 depict the same region as the 

phase-contrast slices shown in Fig. 4.11 (a and b).



Phase Contrast and Element-Sensitive Synchrotron Nanotomography of Al-1Fe-1Zr Alloy

65

Fig. 4.13 Orthogonal views of X-ray fluorescence tomography volumes illustrating the 

distributions of Zr (left), Fe (middle), and Ga (right). The axial (a) and radial (b) slices (same 

as those in the phase contrast tomography, Fig. 4.11) reveal the localized concentrations of 

the alloying elements Zr and Fe, along with Ga, which was introduced during sample 

preparation. Enlarged regions of interest (c) show Zr (green) and Fe (red), corresponding to 

the areas in Fig. 4.11 (NFPXCT), indicating distinct intermetallics. The enlarged view of Ga 

highlights the presence of a grain boundary, while the corresponding Fe region shows no 

observable intermetallic accumulation (orange, also see Fig. 4.11 b). 3D volume renderings 

of the element distributions are presented in (d).
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The elemental quantification from FXCT data provides two key insights: 1) The detection of 

Zr within the Al grains suggests that Zr is either partially incorporated in solid solution within 

the aluminium matrix or forming nanoscale Al3Zr precipitates, and 2) Ga is observed 

decorating the Al grain boundaries. Ga was introduced into the alloy during sample preparation 

through focused ion beam (FIB) milling with Ga+ ions. Given Ga's known affinity for 

aluminium grain boundaries [153], it serves as a useful marker for identifying individual grains. 

Fig. 4.13 (a and b) display axial and radial FXCT maps for Zr, Fe, and Ga. The enlarged regions 

of interest in Fig. 4.13 (highlighted by the green and red rectangles in Fig. 4.13 (b)) confirm 

the presence of distinct intermetallic phases, despite the phases having a similar 2D 

morphology and only minor differences in total mass density (as seen in Fig. 4.11 d and h). 

The right side of Fig. 4.13 (c) reveals Ga clearly outlining a grain boundary, while the central 

region of Fig. 4.13 (b) (marked in orange) illustrates a discontinuous Fe distribution along a 

grain. Additional direct comparisons of elemental content (FXCT), mass density (NFPXCT) 

for the three enlarged regions are provided in Fig. 4.14. 
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Fig. 4.14 Direct comparison of the enlarged regions of interest from NFPXCT with the 

corresponding regions from FXCT for the various elements.

Fig. 4.15 (a) presents the elemental distribution and mass density obtained from FXCT and 

NFPXCT reconstructions, with a single grain enlarged in Fig. 4.15 (b). Additionally, Fig. 4.15

(c) displays element concentrations and mass density along a line profile, with logarithmic 

scales used for Zr and Fe profiles to leverage the wide dynamic range of the reconstructions. 

The Zr line profile reveals a high concentration, likely corresponding to a primary Al3Zr 

particle, located at the center of an Al grain. Surrounding this particle is a uniform Zr
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concentration of approximately 25 mg/cm³ within the Al grain, equivalent to 0.9 wt%, which 

aligns with the alloy's nominal composition.

Fig. 4.15 Quantitative analysis of a single grain using FXCT and NFPXCT. (a) Radial slice 

showing elemental maps from FXCT alongside a mass density map obtained from NFPXCT.

(b) Magnified images of a representative grain, and (c) line profile plots along the grain's 

diagonal, comparing elemental concentrations from FXCT with mass density from NFPXCT. 

(d, left) 3D rendering of the grain's elemental composition (see also supplementary movie 2), 

and (d, right) a histogram displaying the number of Zr-rich primary particles across the total 

volume (imaged via FXCT) as a function of their volume (μm³)

In contrast, Fe concentration is higher at the grain boundaries, with trace amounts of Fe retained 

in solid solution within the Al grain. Fig. 4.15 ((d), left) provides a 3D rendering of the Al grain 

from Fig. 4.15 (b), showing the heterogeneous distribution of Fe-rich intermetallics along the
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grain boundary, as well as a cuboidal Al3Zr primary particle located at the grain’s center. In 

the FXCT-measured region, the volume fractions of Fe- and Zr-rich intermetallics are 0.23% 

and 0.37%, respectively. The 3D size distribution of primary Al3Zr particles within the 

analysed volume is shown on the right side of Fig. 4.15 (d), with nearly half of the Al3Zr 

particles ranging between 300 and 400 nm in size. 

 
4.7.3 Discussion 

 
When comparing HXCT and NFPXCT, one key factor is the time required for data 

acquisition. HXCT takes approximately 4 hours to collect data, while NFPXCT requires 

roughly three times longer to capture the same number of projections (4000). This difference 

is due to NFPXCT needing more positions per angle (16 vs. 3). Despite HXCT's advantage in 

faster acquisition and processing times, it relies on prior knowledge of the average sample 

composition to estimate the δ/β ratio, which is necessary for sufficient contrast in the final 

reconstructed volumes. In contrast, NFPXCT does not require any prior knowledge of the 

material composition [154,155]. 

 
NFPXCT also offers superior spatial resolution and a higher signal-to-noise ratio, as it 

eliminates the need for flat-field correction approximations required in HXCT. While HXCT 

volumes may exhibit line artefacts, which are absent in NFPXCT, these artefacts can be 

mitigated using a combined wavelet-FFT filter (stripes filter), available as the ImageJ plugin 

Xlib [156,157]. This filter can be applied to HXCT phase maps or x-z slices after reconstruction 

to reduce artefacts, although its effectiveness depends on the severity of the artefacts [56]. In 

this case, applying the stripes filter preserved most of the image information while enhancing 

the visual quality of the HXCT data. Nonetheless, NFPXCT generates higher-quality volumes 

with less noise, making it more suitable for samples where noise could interfere with the 

analysis. Fig. 4.16 shows a comparison of an x-z slice from HXCT volumes before and after 

applying the stripes filter, alongside the same region imaged by NFPXCT. 
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Fig. 4.16 Comparison of an x-z slice from HXCT volumes before and after applying the stripe 

filter. The corresponding region of interest from the NFPXCT volume is also displayed.

These techniques enable both qualitative and quantitative 3D analysis of the Al-1Fe-1Zr alloy 

microstructure, allowing precise determination of the local mass density of the aluminium 

matrix and intermetallic phases, with a spatial resolution of 57 nm and a mass density detection 

limit of 0.1 g/cm³. However, when phases or regions exhibit similar mass densities, their 

identification may rely on other microstructural characteristics, such as 3D morphology, which 

can lead to uncertainty. This underscores the importance of FXCT, which provides quantitative 

elemental information in 3D. For the alloy under study, individual elemental concentrations 

could be measured with a voxel size of 100 nm and a concentration resolution of 3 mg/cm³ 

(0.1wt%) for Zr, 1.5 mg/cm³ (0.05wt%) for Fe, and 0.3 mg/cm³ for Ga, across a broad dynamic 

range. This is particularly relevant for detecting Zr within the Al matrix, where it may exist 

either in solid solution or as nanoscale Al3Zr precipitates.

In the development of the Al-1Fe-1Zr alloy, elements were chosen based on their low vapor 

pressure and diffusivity [92], with Zr serving two key roles: (i) as a grain refiner, forming 

primary Al3Zr particles to promote heterogeneous nucleation at the melt pool boundaries, 

preventing hot cracking [158], and (ii) as an age-hardening agent, strengthening the alloy 

through nanoprecipitation of coherent Al3Zr intermetallics during heat treatment [159]. The 

grain refinement can be explained by considering that the velocity of the solidification front is 

lowest for the first solidifying liquid, while the thermal gradient decreases as solidification



Phase Contrast and Element-Sensitive Synchrotron Nanotomography of Al-1Fe-1Zr Alloy 

71 

 

 

progresses [160,161]. At the melt pool boundary, the conditions support the formation of 

primary cuboidal Al3Zr particles (Fig. 4.15 d), which serve as nucleation sites for equiaxed Al 

grains [162]. As solidification proceeds, Zr may become trapped in solid solution if the cooling 

rate is fast enough, as indicated by FXCT (Fig. 4.15). Conversely, Fe is rejected into the liquid 

at the periphery of the grains, leading to the formation of Al13Fe4 intermetallics that form a 3D 

network along the grain boundaries (Fig. 4.15). This is further evidenced by the Ga 

concentration, which acts as a grain marker in the FXCT results (Fig. 4.15). The theoretical 

mass densities for Al3Zr (4.1g/cm3 [163–165]) and Al13Fe4 phases (3.8 g/cm3 [166–168]), were 

compared with the total mass densities calculated from the FXCT dataset, which were found 

to be 3.9 g/cm3 and 3.4 g/cm3, for Al3Zr and Al13Fe4 phases, respectively. The estimated total 

mass densities of the intermetallic phases from NFPXCT and HXCT were 3.65 g/cm3 for Al3Zr 

and 3.25 g/cm3 for Al13Fe4. These values are underestimated by ~12% while FXCT based 

estimates were slightly closer (~5%) to the theoretical densities. The applied techniques 

demonstrate high sensitivity in detecting compositional variations, it is important to note that 

the quantitative accuracy, particularly in terms of absolute elemental concentrations, is not 

always consistent with the stoichiometry of expected phases. This highlights the need for 

further methodological refinement and calibration to improve reliability in phase identification 

and quantification. 

 
4.8 Key messages 

The analyses conducted in this chapter facilitate a comprehensive discussion of the 

questions outlined in the Motivation (Chapter 2). The following conclusions provide answers 

to the pertinent research questions: 

What methodological optimizations and parameter modifications were introduced to the 

experimental setup to enable a comprehensive 3D characterization of the microstructures? 

A number of crucial parameters were investigated with the objective of optimizing the 3D 

characterisation of the microstructures present in the Al-1Fe-1Zr alloy. The selection of X-ray 

energy, specifically 33.35 keV, was to achieve an optimal equilibrium between contrast, the 

minimization of artefacts, and the enhancement of image quality. This energy was particularly 

effective for the purposes of complementary phase-contrast imaging and X-ray fluorescence 

analysis, which are essential for the quantification of elemental distributions. The impact of the 

random displacement technique was examined with the objective of reducing ring artefacts, 

thereby enhancing the SNR and the quality of the reconstructed volumes. Furthermore, the 



Phase Contrast and Element-Sensitive Synchrotron Nanotomography of Al-1Fe-1Zr Alloy 

72 

 

 

number of projections during tomography was investigated with the objective of ensuring high-

resolution reconstruction while simultaneously minimizing scan time and the occurrence of 

artefacts. An experimental upgrade using a real-time control system for nano-positioning 

(Speedgoat) significantly reduced X-ray fluorescence acquisition times, improving overall 

efficiency. Refinement of alignment techniques shows a marked improvement in image quality. 

The collective implementation of these adaptations enabled the precise 3D characterisation of 

the alloy's microstructures, thereby facilitating the gain of valuable insights into its internal 

architecture and spatial distribution. 

What are the capabilities of the different 3D Synchrotron-Based X-ray Imaging Techniques 

available at the ID16A Nano-Imaging beamline of the ESRF and how can they be optimally 

applied to characterize Al-1Fe-1Zr alloy? 

The study highlights the efficacy of nanotomography techniques at the ID16A beamline, 

including HXCT, NFPXCT, and FXCT, for the characterization of the Al-1Fe-1Zr alloy 

tailored for LPBF. Comparative analyses performed using these methods revealed the 3D 

microstructural features with high precision, achieving spatial resolution down to 57 nm, mass 

density resolution of 0.1 g/cm³, and elemental concentration resolution ranging from 0.3 to 3 

mg/cm³ (which corresponds to 0.1wt%), depending on the element. Full-field coherent imaging 

techniques, particularly, offer advantages for these investigations due to their larger field of 

view and the capability to select regions of interest for FXCT. The enhanced spatial resolution 

of NFPXCT (57 nm compared to 70 nm for HXCT) proved especially valuable, given the 

ultrafine microstructural features of the alloy. HXCT being significantly faster (factor three), 

using more straightforward data processing and still providing high quality reconstructions, 

remains the most used method in the following of the work. X-ray phase contrast experiments 

provided accurate mapping and quantification of these microstructures. Integrating these 

methods with FXCT enabled clear identification of elements and their local distribution. The 

estimated total mass densities of the intermetallic phases from NFPXCT and HXCT were 3.65 

g/cm3 for Al3Zr and 3.25 g/cm3 for Al13Fe4. These values are underestimated by ~12% while 

FXCT based estimates were slightly closer (~5%) to the theoretical densities. The applied 

techniques demonstrate high sensitivity in detecting compositional variations, it is important 

to note that the quantitative accuracy, particularly in terms of absolute elemental 

concentrations, is not always consistent with the stoichiometry of expected phases. This 

highlights the need for further methodological refinement and calibration to improve reliability 

in phase identification and quantification. 
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5 From Powder to Process: Elucidating 3D 

Microstructural features of LPBF Al-1Fe-1Zr Alloy 

 
5.1 Introduction 

As discussed in the previous chapters, LPBF has significant potential, but several factors, 

including the processing conditions and the processability of the alloys under consideration, 

must be understood. In LPBF processes, the initial step is to optimize and screen the 

manufacturing parameters [169,170]. It aims for defect-free manufacturing. Many alloys 

employed in LPBF today were originally developed for conventional manufacturing processes 

and are not suitable for the high cooling conditions typical of LPBF. The typical cooling rates, 

e.g., ~106–107 K s−1, can result in non-equilibrium microstructures, which may influence the 

materials’ performance and even lead to defects [171,172]. Moreover, Mg and Zn in some Al 

alloys are susceptible to evaporation during LPBF, shifting the alloy's composition [173–176]. 

In LPBF, a 3D part is fabricated from a series of layers, each consisting of adjacent scanned 

tracks. The process involves the overlapping and metallurgical bonding of these tracks into a 

layer and the layers into a part. In each layer, the laser locally melts the powder particles line 

by line, leading to the formation of distinct melt pools. These melt pools usually present a semi-

circular or a semi-cylindrical 3D shape formed as a result of surface tension [21]. A 

comprehensive characterization of the microstructures formed in these melt pools is crucial, as 

it impacts their stability and, consequently, the quality of the part [177]. While the majority of 

research in single-track experimentation is focused on the identification of defects and the 

delineation of zones of regularity [178–180], their significance extends beyond these traditional 

objectives. In this study, single-track experiments have been leveraged to gain deeper insights 

into how LPBF processing conditions influence the resultant microstructures. The material's 

response to laser irradiation is directly determined by its physical properties, underscoring the 

importance of tailoring parameters for each material. It is crucial to note that findings from one 

material cannot be universally extrapolated, emphasizing the need for material-specific 

investigations. In this context, 3D characterisation plays a critical role in materials analysis by 

enabling precise evaluation of microstructural features, including precipitates, grains, and 

inclusions. These microstructural parameters are fundamental to understanding structure–

property relationships, as they directly influence mechanical performance and functional 

behaviour. Furthermore, non-destructive 3D characterization can provide valuable insights 
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into how LPBF processing parameters influence microstructural formation, its distribution and 

the influence of heat-treatments. 

The lack of optimization in the parameters employed in an LPBF operation can result in a range 

of defects that limit its commercial scalability. The most commonly observed issues include 

surface roughness, porosity[181], balling defects [182], incomplete powder melting [183], the 

presence of high residual stress [184], and the formation of undesired microstructures [185]. 

The dynamics and geometry of the melt pool are of significant importance in the control of 

defect formation, given that the rapid heating and cooling that occurs during the LPBF process 

significantly influences the stability of its microstructures. As previously discussed in section 

3.1.5, Pauzon et al. reported an enhancement in the Al-1Fe-1Zr alloy’s material properties after 

heat treatment for 4 hours at 400°C owing to the nanoprecipitation of the L12-Al3Zr [100]. 

Furthermore, Guo et al. used high-speed synchrotron radiography to investigate vapor 

depression and spatter dynamics during the LPBF of this alloy [109]. 

Building on this knowledge, we conducted an extensive experimental investigation with the 

primary objective to elucidate the influence of LPBF processing conditions on the formation 

and spatial distribution of Fe-rich and Zr-rich intermetallics within prior melt pools. To achieve 

this objective, X-ray imaging techniques available at the ID16A beamline were employed to 

characterize the internal architecture and the elemental distribution within a prior melt pool. 

The non-destructive nature of these techniques offers the benefit of enabling the examination 

of the same sample both before and after heat treatment, thereby enabling the investigation of 

microstructural changes in a specific location. As an additional investigation to gain a more 

comprehensive understanding, first a single powder particle of the alloy was analyzed to 

elucidate the elemental distribution in its original state. Therefore, in this chapter, we consider 

the following issues: 

 How does the variation of LPBF processing parameters influence microstructural 

formation? 

 How do microstructural constituents, their architecture, and chemistry vary within a prior 

melt pool? 

 How do heat treatments affect element distribution within a prior melt pool? 
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5.2 Materials and Methods

5.2.1 Powder particles

The Al-1Fe-1Zr powder was produced by gas atomization by Constellium. The particle 

sizes range from 25.2 μm (D10) to 65.6 μm (D90), with average particle size of 42 μm (D50). 

The apparent density was 1.27 g/cm³ in accordance with ISO 3923/1, and the Carney 

flowability was 15 seconds per 50 g, as per ASTM B964 [186]. A single powder particle of 

about ~40 μm was glued to a pulled glass capillary using a micromanipulator. The glass 

capillary was fabricated using a laser-based puller to achieve a fine tapered tip [187]. The 

powder particle was fixed to the tip using UV glue. The glass capillary was then attached to a 

Huber sample pin (Fig. 5.1). Prior to mounting on the sample holder, the extended portion of 

the capillary below the Huber pin was trimmed to ensure compatibility with the ID16A 

experimental setup (Fig. 5.1, marked in white).

Fig. 5.1 Picture of the powder particles prepared for the high-resolution tomography at ID16A. 

The enlarged image shows the optical micrograph of the glass capillary with the particle. 

Note: The glass capillary that is extended below the Huber pin (marked in white) has to be 

shortened before mounting on the sample holder.

5.2.2 LPBF processing and sample extraction

The LPBF processing parameters covering a range of linear energy densities from 210 

Jm-1 to 840 Jm-1 were selected, as explained in [109]. In-operando experiments of single tracks 

were performed at the ID19 beamline of the ESRF in collaboration with a research team from 

University College London [109]. The experiments were conducted using a custom-built 

additive manufacturing system known as the Quad-laser in-situ and operando process replicator 

(Quad-ISOPR) [109]. This system integrates four lasers and the scan head from a RenAM 500Q
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(Renishaw plc., UK) system, along with a specially designed environmental chamber. A 

substrate, 1 mm in thickness and 15 mm in height, is positioned inside the chamber, where a 

thin layer of powder is deposited (Fig. 5.2). The substrates were fabricated by LPBF using the 

Al-1Fe-1Zr powder feedstock to replicate the deposition of a thin powder layer on top of a 15 

mm tall additively manufactured part. Argon shielding gas was employed throughout the LPBF 

process [109].

Fig. 5.2 Schematic representation of the in-operando X-ray imaging setup during LPBF, 

illustrating the laser scan and the data acquisition scheme at the ID19 beamline of the ESRF. 

Taken from [109].

In alignment with findings in [109], three specific conditions were selected for comparative 

analysis to investigate how the microstructure responds to varying LPBF processing 

parameters. These conditions were chosen based on their relatively higher productivity 

compared to other settings. The parameters are presented in the table 5.1.

Table 5.1 Processing parameters for LPBF of Al-1Fe-1Zr during the in-operando experiments

Sample Laser power

W

Scan speed

mm/s

Exposure time

μs

Laser

mode

Linear energy

density J/m

C1 420 1500 20 CW 280

C2 420 2000 20 CW 210

C3 400 800 40 PWM 500

The laser modes in the Table 5.1 are Continuous Wave (CW) mode delivering a constant, 

uninterrupted energy beam, providing uniform heat input and Pulse Width Modulation (PWM)
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mode operating by emitting energy in periodic pulses, defined by a specific pulse width and 

duty cycle. Condition C1 was selected to closely match those reported in [92,100], where laser 

melting was conducted with a 370W laser power, a 1400 mm/s scan speed, a 130 μm hatch 

distance, and a 60 μm layer thickness. In our case, the C1 parameters were 420W and 

1500mm/s. C2 was chosen to test a faster scanning speed, with 420W and 2000 mm/s. C3 was 

designed to assess the effect of a slower scan speed leading to higher liner energy density, using 

400W, 800 mm/s, and operating in pulse width mode.

The ID16A experiments were divided into two sessions:

Session 1: Aimed to examine how variations in LPBF processing parameters influence 

microstructural development.

Fig. 5.3 Optical microscopy images of the LPBF single melt tracks for conditions C1, C2, and 

C3, with an illustration of cylindrical sample extraction, indicated on the right. The laser-

machined cylindrical samples of ~800 μm in diameter from each melt track are displayed 

below.
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The systematic investigation focused on HXCT imaging of the entire melt pool before and after 

heat treatment, with an emphasis on evaluating how heat treatments impact the evolution of 

the Fe-rich and Zr-rich intermetallics. Cylindrical samples of ~800 μm in diameter were laser-

machined at the UCL from the 4 mm long LPBF single tracks from each processing condition 

mentioned above for the nanotomography experiments at the ID16A beamline (Fig. 5.3).

Each step of the investigation was planned to ensure consistency in the samples’ integrity, 

particularly identifying the orientation and LPBF scan direction with respect to tomography. 

To ensure mechanical stability of the specimens during the tomographic experiments and the 

subsequent heat treatment, these cylindrical samples were mounted onto brass Huber pins using 

heat-resistant ceramic adhesive. This approach eliminated the need to unmount the samples for 

heat treatment, maintaining consistency and accuracy in the comparative analysis of the 

microstructural evolution.

Fig. 5.4 Samples subjected to heat treatment at Constellium at 400°C for 4 hours. (a) Sample 

mounted on the Huber pin. (b) Individual samples placed in designated crucibles. (c) Industrial 

furnace utilized at Constellium for the heat treatment process.

Large FoV HXCT (400 x 400 x 400 μm3) was performed on the cylindrical samples extracted 

from the single tracks, covering approximately half of the sample's diameter, which measured 

800 μm. After the first set of HXCT scans in the as-built condition, the samples from the 3 

conditions were taken to Constellium, Vorrepe, France, to undergo heat treatment at 400°C for 

4 hours (Fig. 5.4). Post heat treatment, HXCT scans were performed on the same regions of 

the cylindrical samples to elucidate the evolution of the microstructures.
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Session 2: Dedicated to characterizing the microstructural constituents, their architecture, and 

chemical composition within a prior melt pool after the heat treatment. This required the 

extraction by FIB-SEM of sub-samples of ~30 μm in diameter to be extracted from different 

regions of the prior melt pools after session 1.

For the second session, a meticulous sample preparation process was undertaken to ensure 

precision during the sample polishing to reveal the melt pool. The primary objective was to 

selectively remove material from the cylindrical LPBF samples while maintaining their 

structural integrity, allowing for accurate extraction of the sub-samples for high-resolution 

tomography measurements. The HXCT scans from Session 1 with a large FoV scan (400 x 

400 x 400 μm3), were conducted with a pixel size of 125 nm. This pixel size provided a good 

balance between achieving a sufficiently large FoV and maintaining the resolution needed to 

sufficiently resolve intermetallics after heat treatment. This allowed only half of the cylindrical 

sample to be effectively scanned, and it was evident that material removal to expose the melt 

pool should be selective and precise (Fig. 5.5). The radial slice of the melt track exhibits a 

darker contrast than the substrate, which can be attributed to the global offset applied during 

reconstruction to compensate for intensity variations arising from the local HXCT. 

Additionally, to avoid undesirable features such as pores, the amount of material to be removed 

was planned using the previously acquired HXCT volumes as a reference.

Fig. 5.5 Schematic top view of the sample (left) illustrating the location where the large FoV 

HXCT scan was conducted. The HXCT slice (right) from this region displays the corresponding 

radial slice of the melt track.
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In order to be able to reveal the melt pool by optical microscopy and to expose the desired 

region for FIB extraction, the following steps were undertaken:

1. The cylindrical samples were grinded to remove between 100 μm and 150 μm of material. 

This process was carried out using a Buehler Minimet 1000 machine, equipped with 

Buehler diamond lapping film discs. Varying grit sizes- 9 μm, 3 μm, and 1 μm were used 

to remove the material (Fig. 5.6). The amount of material removed was closely monitored 

by regular diameter measurements along the melt track (Fig. 5.6) to ensure the sample 

remained within the HXCT scan range.

2. Once the desired region of the sample was exposed, the samples were glued (Fig. 5.6) on a 

polishing device formed by a steel ring which acts as a barrier and a glass slide to hold the 

sample at a specific depth. The device allowed for adjustments with a minimum step size 

of 1 μm, ensuring precise control over the amount of material removed during polishing. 

This setup prevented the removal of more material than intended, ensuring a controlled and 

precise polishing process.

Fig. 5.6 Sample preparation process for high-resolution nanotomography. (Top left) Grinding 

of the cylindrical LPBF sample, with an inset image showing the sample during the process. 

The polishing device used to control material removal features the sample glued to a glass 

slide for secure handling during polishing (bottom left). (Right) Pictorial representation of the
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grinding steps with varying grit sizes (9 μm, 3 μm, 1 μm) followed by the final polishing step 

with a 0.04 μm colloidal silica suspension. 

2.1 With the sample secured, an ATM SAPHIR 550 polishing machine was used for the 

next steps. Firstly, any excess hot glue on the surface of the sample was polished away. 

Following this, the sample was examined under a light microscope to verify that the 

surface was flat and free of any residual glue. 

2.2 Once a clean, even surface was obtained, the sample was set into the device, and an 

additional ~5 μm of material was polished away, with adjustments made in 1 μm 

increments as necessary. 

2.3 It was followed by polishing using a 3 μm diamond suspension spray for 5 minutes and 

1 μm diamond suspension spray for 3-5 minutes, aided by an ethanol spray for 

lubrication. 

2.4 A final polish with a 0.04 μm colloidal silica suspension was applied for 5 minutes to 

achieve a high-quality finish. After polishing, the samples were thoroughly washed 

with dish soap and tap water to remove any remaining debris. 

The material removal was monitored after each polishing step using a light microscope. 

 
3. To improve the visibility of the melt pool during light microscopy, the samples were treated 

with a 5% NaOH solution for 90 seconds while still attached to the glass slide. The NaOH 

etching effectively highlighted the melt pool boundaries, aiding in subsequent sample 

preparation. 

 
This entire procedure was fine-tuned after multiple trials on “dummy” Al-1Fe-1Zr substrate 

samples of the same dimensions. These tests allowed ensuring reproducibility and optimizing 

each step, from grinding and polishing to chemical etching, before applying the final protocol 

to the samples of interest. 

 
The dimensions of the melt pools were measured using light microscopy, and specific regions 

were identified for sub-sample extraction (Fig. 5.7). Cylindrical sub-samples, ~30 μm in 

diameter, were extracted from the bottom and center of the melt pool to evaluate the 

microstructural variations across different depths. To achieve this, focused ion beam (FIB) 

milling was employed using an FEI Helios Nanolab 600i dual-beam system (electron and Ga+). 

Prior to milling, a protective carbon layer was deposited over the extraction area to shield the 

region of interest from potential damage during the process. This carbon patch also served as 
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a marker for sample identification and orientation, ensuring that the build direction remained 

accessible in the high-resolution tomography volumes. Once extracted, each sample was 

attached to a modified tungsten Omniprobe needle via platinum deposition and then mounted 

on a Huber sample pin for high-resolution investigations.

Fig. 5.7 Sub-sample extraction process for microstructural analysis. (a) Light microscopy 

image of the melt pool (C3) with marked dimensions, indicating regions selected for sub-

sample extraction. (b) SEM image showing the marked extraction locations for focused ion 

beam (FIB) milling, based on references from the light microscopy measurements. (c) 

Cylindrical sub-samples milled from the bottom and middle of the melt pool, with the carbon 

patches on the top used for sample identification and marking the build direction. (d) The final 

extracted sub-sample. The white dashed lines indicate the melt pool border.
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5.2.3 3D microstructural characterization 

 
The general methodology, as outlined in section 3.3, remains largely consistent across 

experiments, with slight variations depending on the specific sample requirements. In this 

study, all 3D characterization measurements were performed at the ID16A beamline using an 

energy of 33.35 keV. 

 
i. For the powder particle analysis, HXCT was performed by acquiring tomography scans 

at four increasing distances, with the initial distance corresponding to a voxel size of 

(15 nm)³. A total of 2000 projections were acquired, each with an exposure time of 0.3 

seconds at each distance. For FXCT, 33 projections were collected with a 200 nm pixel 

step over a 180° rotation. Two sub-tomograms, consisting of 16 projections each, were 

captured, followed by a final projection at 180° to improve alignment. A bidirectional 

scanning approach was employed to accommodate the relatively large field of view 

(FoV) of 45 μm x 45 μm. This configuration provided an optimal balance between 

resolution and FoV, with an acquisition time of approximately 40 minutes per 

projection, resulting in a total scan time of about 22 hours. 

ii. For the cylindrical samples extracted from the three distinct LPBF processing 

conditions (C1, C2, and C3), large FoV HXCT (400 x 400 x 400 μm3) scans were 

conducted with the first distance corresponding to a voxel size of (125 nm)³. As 

explained in section 3.3, 2000 projections were acquired with an exposure time of 0.3 

seconds per projection at 4 increasing distances from the focus. Local HXCT (120 μm 

x 120 μm) scans targeting regions of interest were carried out with a finer voxel size of 

(40 nm)³, with the same number of projections and exposure time. Both large FoV and 

local scans were performed before and after heat treatment, focusing on the same region 

of interest to assess microstructural changes. 

iii. During the second session, sub-samples (~30 μm in diameter) extracted from various 

depths within the melt pools of the three different LPBF processing conditions (C1, C2, 

and C3) were analyzed using HXCT and FXCT. For these sub-samples, high-resolution 

HXCT scans with FoV 45 μm x 45 μm, were performed at four different distances, with 

the first distance corresponding to a voxel size of (15 nm) ³. A total of 2000 projections 

were acquired, each with an exposure time of 0.3 seconds. Fig. 5.8 displays SEM 

images of the samples with details of the scans performed for each sample, and the 

scanning methodologies. 
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Fig. 5.8 SEM images of C1, C2, and C3 after FIB milling before extraction, showing the sub-

samples prepared for high-resolution tomography. Details of the specific scans (Phase contrast 

tomography and FXCT) performed for each sample are indicated. In the case of C3, the sub-

sample extracted from the bottom of the melt pool was lost during handling (marked red), and 

therefore, only the middle melt pool region was scanned. The white dashed lines indicate the 

melt pool border.

FXCT, which required the longest acquisition time, was performed using a 100 nm pixel step 

and 65 projections with over a 180° rotation. Two sub-tomograms of 32 projections each and 

a final projection at 180° were collected to enhance projection alignment. The field of view for 

these scans was 35 μm x 35 μm. Due to the dwell time of 40 ms per pixel step and the overhead 

associated with the acquisition process, each projection took approximately 18 minutes to 

capture, resulting in a total scan time of over 20 hours. Given the extended acquisition time, 

FXCT was prioritized for the most critical sub-samples of interest.

For the C1 and C2 processing conditions, sub-samples were successfully extracted from the 

bottom and middle regions of the melt pool. However, in C3, the sub-sample from the bottom 

of the melt pool was unfortunately lost during handling, leaving only the middle melt pool 

region for analysis. This underscores the delicate nature of sub-samples and handling at such 

fine scales.

5.3 Results

5.3.1 Powder particle

The HXCT results provide detailed insight into the microstructure of a single powder particle 

of the alloy, revealing a cellular microstructure by the bright intermetallic phases in the grey 

Al matrix. As shown in Fig. 5.9 (a) and (b), the x-y and x-z slices of the powder particle clearly 

illustrate the cellular network of these intermetallic phases spread throughout the volume. A
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3D rendering of a representative region from the particle’s midsection further illustrates this 

network, as presented in Fig. 5.9 (d). The total mass density distribution, represented by the 

plot of a line profile drawn across the sample in Fig. 5.9 (c), indicates an average density of

~2.6 g/cm³. However, discerning the specific intermetallic phases rich in Zr from those rich in 

Fe proves to be challenging using this technique alone.

Fig. 5.9 HXCT mass density maps of (a) x-y slice and (b) x-z slice of a single powder particle. 

The slices reveal the interconnected network of bright intermetallic phases within the grey Al 

matrix. (c) Mass density distribution plot along the line profile drawn in (a), showing a density 

of ~2.6 g/cm³ across the sample. (d) 3D rendering of the cellular network of the intermetallics.

To address this limitation and accurately differentiate between these intermetallics, FXCT was 

incorporated as part of a correlative analysis. FXCT enables us to visualize the local elemental 

concentrations, providing a clearer distinction between the Zr- and Fe-rich intermetallics. Fig.
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5.10 presents the FXCT results corresponding to the same region as the HXCT slice in Fig. 5.9

(a). The quantification of individual elements, as shown in the FXCT results, demonstrates that 

the Fe-rich intermetallics form a cellular network in the microstructure. Due to the relatively 

coarse voxel size (200 nm3), the connectivity of this network is not as clearly distinguishable 

(compared to HXCT). At the junctions where these cellular structures intersect, localized 

regions of high Fe concentration emerge, with Fe-rich particles ranging in volume from 0.13 

to 0.52 μm3. In contrast, Zr is more uniformly distributed throughout the Al matrix. 

Specifically, Fig. 5.10 shows the FXCT elemental maps for (a) Zr and (b) Fe, illustrating both 

the morphology and concentration of these elements within the powder particle. In some 

regions, the increased Fe content leads to a displacement of Zr, as indicated by the yellow 

arrows in Fig. 5.10 (a) and (b).

Fig. 5.10 FXCT maps of the same region shown in Fig. 5.9 (a), providing elemental 

concentrations. FXCT map of (a) Zr distribution and (b) Fe distribution. (c) Volume 

distribution of Fe-rich particles within the FXCT volume. (d, e) 3D renderings of Zr and Fe 

concentrations within the powder particle from the FXCT volume. (f) Line profile plots of Zr 

and Fe concentrations illustrate the relatively uniform concentration of Zr and the distinct 

formation of Fe-rich intermetallic structures.
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Fig. 5.10 (c) shows the distribution of the Fe-rich particles within the Al matrix that are formed 

at the intersection of the cellular network, showing the volume distribution of these 

intermetallic structures from the FXCT volume. The volume fraction of Fe-rich particles in this 

powder particle is approximately 0.33%, corresponding to ~1wt%, aligning with the nominal 

alloy composition. The 3D renderings of Zr and Fe concentrations within the powder particle 

from the FXCT volume, as shown in Fig. 5.10 (d) and (e), respectively, provide visualization 

of the spatial distribution of these elements. The Zr distribution is relatively uniformly spread 

throughout the matrix, indicative of its homogeneous incorporation into the Al matrix during 

the solidification process. A detailed comparison of the line profiles for Zr and Fe, as depicted 

in Fig. 5.10 (f), elucidates the uniform concentration of Zr, with a consistent value of ~28 

mg/cm³ throughout the volume. This uniform distribution corresponds to approximately 

~1wt%, aligning with the nominal alloy composition. Conversely, in areas with lower Fe 

concentrations, a slight enrichment in Zr is observed, as demonstrated by the line profile 

distribution. 

5.3.2 LPBF 3D microstructure and heat treatment evolution 

 
The melt pool boundaries for conditions C1, C2, and C3 were distinctly revealed using 

optical microscopy after polishing the heat-treated samples for the sub-sample extraction (Fig. 

5.11). 

 

 
Fig. 5.11 Optical micrographs of polished samples for conditions C1, C2, and C3, showing the 

clearly defined melt pool boundaries marked with white dashed lines. 

 
In the large FoV HXCT (voxel size (125 nm)3) scans, the melt pool boundaries were not clearly 

visible due to insufficient contrast in the melt pool regions. Additionally, in the HXCT ROI 
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scans, only a specific portion of the melt pool was imaged, limiting the ability to capture the 

full melt pool depth.

Fig. 5.11 presents optical micrographs for the respective conditions, highlighting the melt pool 

boundaries and indicating accurately the melt depth for each condition. These micrographs 

offer a more complete representation of the melt pool geometry, complementing the high-

resolution but localized insights from the HXCT ROI scans. For condition C1, the melt pool 

depth was measured to be 120 μm from the substrate height. For condition C2, the melt pool 

depth was significantly shallower at 60 μm, and condition C3 exhibited the deepest melt pool 

depth at 170 μm.

HXCT measurements were conducted for both the as-built and heat-treated samples for C1, 

C2, and C3 conditions. Condition C1 was processed with a 420 W laser power and 1500 mm/s 

scanning speed, resulting in a stable, continuous melt tracks with a well-formed melt pool.

Fig. 5.12 HXCT slices with voxel size 125 nm, showing the cross-sectional view of the melt 

track in (a) as-built and (d) heat treated condition for condition C1. The HXCT ROI scans, 

with a finer voxel size of 40 nm (b and e), were measured in the region marked in yellow aiming
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to resolve the melt pool boundary, marked with a white dashed line. The enlarged images (c 

and f) of the region marked in blue from the HXCT ROI scans elucidate the microstructure 

after heat treatment. The red arrows mark pores which also appear bright due to the bandpass 

filter applied to correct for gray value gradients. 

Fig. 5.12 (a) and (d) present HXCT slices depicting the cross-sectional view of the melt pool 

in the as-built and heat-treated conditions for Condition C1, respectively. The corresponding 

ROI slices (b) and (e) reveal a microstructural evolution: no distinct microstructural features 

are observed in the as-built state, while bright phases appear in the heat-treated condition. The 

enlarged images (c) and (f) distinctly highlight the developed microstructures following heat 

treatment. Notably, intermetallic particles appear to have coalesced, likely aligning along 

elongated grain boundaries, as reported previously [92,100]. These formations indicate 

coarsening of intermetallics driven by the heat treatment. 

Pores smaller than 20 μm appear in the sample as bright features. This is due to the application 

of a bandpass filter to the HXCT slices, which corrects for gray value gradients. A key 

distinction between pores and intermetallics is that pores exhibit a characteristic dark contour, 

allowing them to be differentiated from the intermetallics. The cross-sectional analysis (Fig. 

5.11) of the single-track melt pool for C1 revealed a melt depth of ~120 μm, an optimal balance 

between height above the substrate and remelted depth, ensuring strong bonding between 

subsequent layers and a stable melt track. Fig. 5.12 illustrates the stability of the melt pool 

under these parameters, showing a defined melt track (as seen in ROI scans) and consistent 

remelted depth. While this figure provides a representative slice, the homogeneity of the melt 

track can be inferred from the HXCT slice shown in Fig. 5.5, under the applied processing 

parameters. 

Condition C2, designed to test a faster scanning speed (2000 mm/s) while maintaining the same 

420 W laser power, demonstrated different melt pool characteristics. At this higher scanning 

speed, the remelted depth was notably reduced compared to C1, reflecting the reduced time for 

heat to penetrate the substrate. 

Fig. 5.13 (a) and (d) display HXCT slices of the melt pool cross-section for condition C2 in the 

as-built and heat-treated states, respectively. The melt pool was relatively shallow (~ 60 μm, 

see also Fig. 5.11), and a larger portion of the molten material remained above the substrate, 

which may indicate weaker fluid flow and less heat dissipation into the substrate. 



From Powder to Process: Elucidating 3D Microstructural features of LPBF Al-1Fe-1Zr Alloy

90

Fig. 5.13 HXCT slices with a voxel size of 125 nm, showing the cross-sectional view of the melt 

track in (a) as-built and (d) heat-treated conditions for condition C2. The HXCT ROI scans, 

with a finer voxel size of 40 nm (b and e), were measured in the region marked in orange to 

resolve the melt pool boundary, marked with a white dashed line. The enlarged images (c and 

f) of the region marked in blue from the HXCT ROI scans highlight the microstructure before 

and after heat treatment. The melt pool boundary indicates a shallower melt depth.

The heat treatment at 400°C led to similar evolution and distribution of intermetallics as in C1. 

The ROI slices (Fig. 5.13 (b) and (e)) indicate a clear microstructural evolution, with initially 

barely resolved features in the as-built condition becoming more pronounced after heat 

treatment. Enlarged images (Fig. 5.13 (c) and (f)) reveal intermetallic particles aligning along 

elongated structures, likely Al grain boundaries.

For condition, C3, where a lower scanning speed of 800 mm/s was combined with 400 W laser 

power and operation in pulse width mode, a significant increase in the melt pool depth was 

observed. Fig. 5.14 (a and d) present HXCT slices of the melt pool cross-section for Condition 

C3 in the as-built and heat-treated states, respectively. The combination of slower scanning 

speed and pulsed laser resulted in a significantly deeper melt pool (~170 μm, as also shown in 

Fig. 5.11) compared to C1 and C2.
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Fig. 5.14 HXCT slices with voxel size 125 nm, showing the cross-sectional view of the melt 

track in (a) as-built and (b) heat treated condition for condition C3. The HXCT ROI scans (b 

and e), with a finer voxel size of 40 nm, were measured in the region marked in cyan. The 

enlarged images (c and f) of the region marked in blue from the HXCT ROI scans highlight the 

microstructure before and after heat treatment. The melt pool depth inferred from the optical 

micrographs is marked in the large FoV slice in white dashed lines as it exceeds the ROI field 

of view.

The remelted depth was significantly more pronounced, and the melt pool extended deeper into 

the substrate. The ROI slices in Fig. 5.14 (b) and (e), along with the enlarged images (c) and 

(f), reveal a distinct microstructural evolution, consistent with the trends observed in 

Conditions C1 and C2.

5.3.3 High-resolution characterizations within prior melt pools 

Condition C1:

In both sub-samples, i.e., from the bottom and the center of the melt pool, the

intermetallic particles were observed in elongated structures, likely aligning along Al grain
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boundaries, as evident in both the large field of view (FoV) and region of interest (ROI) scans 

from session 1. HXCT slices revealed a clear depiction of the microstructures, as illustrated in 

Fig. 5.15 (a) and (d) from the center and the bottom of the melt pool, respectively, which 

provided a comprehensive view of the melt pool’s microstructure.

Fig. 5.15 HXCT mass density slices from the center and bottom of the melt pool from condition 

C1 are shown in (a) and (d), respectively, revealing intermetallic phases distributed within the 

Al matrix. The melt pool boundary is delineated a by black dashed line and the directional 

solidification of the grain is indicated by a red arrow in (d). (b) and (e) Enlarged region of 

interest from the center and bottom of the melt pool, highlighted by the orange and green 

square. (c) and (f) Line profile plot of the total mass density variations along the blue and red 

lines, showing density variations across the intermetallics.

The melt pool boundary is visible and appears slightly darker than the Al matrix in the 

reconstructed volume, a feature attributable to the reduced total mass density in this region. 

Grains extending from the previously solidified layer into the new melt pool were observed 

(Fig. 5.15 (d) marked by a red arrow), suggesting directional solidification. The enlarged views 

in Fig. 5.15 (b and e) highlight the intermetallic particles from the center and bottom of the 

melt pool. The intermetallics observed in both the bottom and center exhibited subtle 

differences in mass density detected between the two regions, as confirmed by line profile
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analyses in Fig. 5.15 (c and f). However, distinguishing Fe-rich and Zr-rich intermetallics using 

mass density alone proved to be challenging due to the minimal variations in the HXCT data.

FXCT was employed to overcome the limitations of HXCT in differentiating Fe- and Zr-rich 

intermetallics. This method allowed for more precise identification of elemental content. Due 

to the extended acquisition times required for FXCT, the field of view was reduced to a height 

of 5 μm and a width of 35 μm, ensuring more detailed imaging of the intermetallic particles.

Fig. 5.16 FXCT elemental concentrations of Zr, Fe, and Ga from the same regions shown in 

the HXCT slices in Fig. 5.15, representing the center and bottom of the melt pool.

The FXCT results, as shown in Fig. 5.16, correspond to the same regions examined in the 

HXCT phase contrast slices, facilitating a direct correlative analysis. Fig. 5.17 shows additional 

direct comparisons of elemental concentration (FXCT) and mass density (HXCT) for the 

enlarged regions. It shows that the intermetallics in the enlarged images from Fig. 5.15 (b and 

e) are different, some being rich in Fe and others being rich in Zr. Due to the finite resolution 

in FXCT, the two distinct particles are not properly resolved (Fig. 5.17 FXCT top panels of Zr 

and Fe)
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Fig. 5.17 Direct comparison of the enlarged regions of interest from HXCT (Fig. 5. 15 (b) and 

(e)) with the corresponding regions from FXCT for the various elements.

FXCT revealed several key observations: the background level of Fe and Zr within the Al 

grains shows a uniform concentration of ~15.5 mg/cm³ for Fe and ~26 mg/cm³ for Zr, at both 

the bottom and center of the melt pool. This corresponds to 0.56wt% Fe and 0.96wt% Zr that 

are either partially dissolved in the solid solution or exist forming nanometer-sized metastable 

precipitates throughout the Al matrix. Additionally, a distinct depletion of Fe is observed at the 

melt pool boundary, followed by a slight Fe enrichment in the adjacent region (Fig. 5.16 – Fe, 

bottom sample). As previously reported, Ga, which is introduced as a result of FIB extraction, 

acts as a grain boundary marker and shows that the intermetallic particles are, in fact, 

decorating the grain boundary. However, a notable difference emerged in the distribution of 

intermetallic particles between the bottom and center of the melt pool regions, even visually 

obvious in the 3D rendering of the FXCT volumes shown in Fig. 5.18. At the bottom of the 

melt pool, the volume fraction of Fe-rich intermetallics was measured at 0.78%, while Zr-rich 

intermetallics constituted 0.52% of the volume, calculated from corresponding histograms for 

the number of Zr-rich and Fe-rich particles in the volume as shown in Fig. 5.18. The analysis 

was performed on the FXCT volumes using intensity-based thresholding to segment the 

particles followed by 3D particle quantification with the 3D Object Counter plugin in ImageJ
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[188]. It is to be noted that these calculations were done only in the volume of the melt pool 

(the substrate region was not used for calculations).

Fig. 5.18 3D rendering of Zr and Fe FXCT volume, elucidating the distribution of particles 

from the bottom and the center of the melt pool. The corresponding histograms for the number 

of Zr-rich and Fe-rich particles in the volume (imaged by FXCT) are shown as a function of 

their volume (μm3) analysed using 3D Object Counter plugin in ImageJ [188]. Volume 

fractions of Zr-rich and Fe-rich particles are presented for both the bottom and center of the 

melt pool, highlighting the distribution of these elements.

In contrast, the center of the melt pool exhibited higher volume fractions of intermetallics. The 

Fe-rich particles accounted for 0.92%, and the Zr-rich particles reached 0.98%. This is a nearly 

twofold increase in Zr-rich particles’ volume fraction.

Condition C2:

The HXCT slices in Fig. 5.19 (a and b) present the mass density maps from the center 

and bottom of the melt pool. Notably, the melt pool boundary was clearly visible marked by a 

distinct darker contrast indicative of a reduced total mass density. The bright intermetallic 

particles enriched in Fe and Zr, were predominantly located along elongated structures, likely 

following Al grain boundaries, as identified in both large FoV and ROI scans from previous 

analyses.
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Fig. 5.19 HXCT mass density slices from the center and bottom of the melt pool from condition 

C2 are shown in (a and b), respectively, revealing intermetallic phases distributed within the 

Al matrix.

Since no significant changes in the morphology or distribution of the intermetallics were 

observed compared to C1, FXCT measurements were deemed unnecessary for the sub-samples.

Condition C3:

HXCT measurements were performed on sub-samples extracted from the center of the 

melt pool. Unfortunately, the sub-sample from the bottom of the melt pool was lost during 

handling, limiting the analysis to the center region. These scans revealed clear intergranular 

structures, as depicted in Fig. 5.20 (a), with a grey Al matrix interspersed with bright 

intermetallic phases, rich in either Fe or Zr. The HXCT slice provided a representation of the 

intermetallic distribution within the Al matrix. In contrast to conditions C1 and C2, the amount 

of intermetallics observed in condition C3 was significantly higher. The higher concentration
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of intermetallic particles observed in the center of the melt pool prompted further investigation 

using FXCT to obtain a more detailed understanding of the elemental distribution and the 

behaviour of Fe- and Zr-rich phases. The elemental concentrations of Zr, Fe, and Ga are shown 

in Fig. 5.20 (b), (c), and (d), respectively.

Fig. 5.20 (a) HXCT mass density slice of the sub-sample extracted from the center of the melt 

pool, revealing intermetallic phases within the Al matrix. (b–d) FXCT elemental 

concentrations for Zr, Fe, and Ga, respectively, show the spatial distribution of these elements 

in the same region as (a). (e and f) 3D volume rendering of Zr-rich of Fe-rich intermetallic 

particles, respectively. (g) Histogram displaying the size distribution of Zr and Fe particles in 

the FXCT measured region analysed using 3D Object Counter plugin in ImageJ [188].

The background level of Fe and Zr within the Al grains shows a uniform concentration of ~17 

mg/cm³ for Fe and ~30 mg/cm³ for Zr. These concentrations correspond to ~0.65wt% Fe and

~1wt% Zr, which are either partially trapped in the Al matrix or present forming nanometer-

sized precipitates dispersed throughout the grains. The introduction of Ga during FIB 

extraction, which acts as a grain boundary marker, revealed a significant difference in condition 

C3: a notably high density of finer grain boundaries, forming along the direction associated 

with columnar growth. The majority of the grain sizes measures much less than ~5 μm.
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Moreover, it indicates that the intermetallic particles are predominantly accumulated at the 

grain boundaries, in line with previous findings, with no evidence of cuboidal Al3Zr particles 

at the center of the grains. Further 3D rendering of the Zr and Fe intermetallic particles, as 

shown in Fig. 5.20 (e) and (f), revealed distinct differences in their accumulation. In this region, 

Fe accumulation was notably higher, with a volume fraction of 3.4%, compared to the Zr-rich 

intermetallics, which accounted for only 0.62% of the total volume in the measured FXCT 

region. A histogram of the size distribution of the Zr and Fe particles from FXCT volumes, 

displayed in Fig. 5.20 (g), provides further evidence of the differences in particle size and 

distribution between the two elements. The analysis was performed on the FXCT volumes 

using intensity-based thresholding to segment the particles followed by 3D particle 

quantification with the 3D Object Counter plugin in ImageJ [188]. The Fe-rich particles were 

more numerous and larger in size compared to the Zr particles, indicating a more pronounced 

segregation and accumulation of Fe in the center region of the melt pool. 

 

 
5.4 Discussion 

5.4.1 Powder particle 

The microstructural characterization of the Al-1Fe-1Zr alloy powder was conducted 

using HXCT and FXCT, to understand the spatial distribution and morphology of Fe- and Zr-

rich intermetallics. HXCT imaging revealed a cellular structure of bright intermetallic phases 

embedded within the Al matrix, indicative of solidification features formed during the rapid 

cooling process of gas atomization (Fig. 5.9). FXCT analysis confirmed that Fe-rich 

intermetallics are primarily responsible for the cellular structures observed in HXCT (see Fig. 

5.10). The cellular structures, distributed throughout the powder particle, are the result of hypo 

eutectic solidification, following the transformation pathway of liquid (L) → α-Al followed 

by liquid (L) → α-Al + θ-Al13Fe4. However, due to the relatively coarse voxel size (200 nm3), 

the connectivity of this network is not as clearly distinguishable compared to HXCT. At the 

junctions where these cellular structures intersect, localized regions of high Fe concentration 

emerge. These findings support a solidification mechanism in which Fe-rich intermetallics 

preferentially nucleate in the intercellular regions, with volumes ranging from 0.13 - 0.5 μm3 . 

The presence of homogeneously distributed Zr in the Al matrix indicates that during 

solidification, Zr either remains in solid solution or forming nanoscale metastable L12-Al3Zr 

precipitates. Quantitative analysis elucidates Zr maintains a consistent concentration of 

approximately 28 mg/cm³ (~1wt%) in the Al matrix, aligning with the nominal alloy 
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composition. A higher-resolution FXCT would be necessary to characterize the cellular 

network of Fe intermetallics more accurately. 

5.4.2 Microstructural characterization and effects of heat treatment 

Under condition C1, a melt pool with well-defined geometry was observed, exhibiting 

a width of approximately 250 μm and a depth of 120 μm, corresponding to a width-to-depth 

(W/D) ratio of ~2 (Fig 5.11). This ratio falls within the generally accepted optimal range of 

1.5–2.5 for single-track LPBF experiments, which is indicative of conduction-mode melting 

[189–191]. In this regime, a stable balance between energy input and thermal dissipation is 

achieved, promoting uniform melting. The moderate CW (Continuous Wave) scanning speed 

provided a steady and sufficient heat input, resulting in balanced melting and heat dissipation 

into the substrate. This corresponds to typical observations at moderate scanning speeds [192]. 

In contrast, condition C2 employing a higher CW scanning speed produced a melt pool with a 

reduced depth of ~60 μm and a width of ~200 μm (W/D > 3). This elevated W/D ratio indicates 

a transition toward shallow, less penetrating melt pool, characteristic of reduced energy density 

and limited remelting. Such geometries are commonly associated with insufficient bonding 

between layers and an increased risk of lack-of-fusion defects, particularly at higher scan 

speeds where heat input is insufficient [193]. Condition C3, involving a PWM (Pulsed Width 

modulation) laser mode at a slower scanning speed, resulted in a deeper melt pool, with a width 

of ~200 μm and a depth of ~170 μm (W/D ≈ 1.2). This relatively low W/D ratio reflects a shift 

toward keyhole-mode melting, where excessive energy input leads to deeper penetration into 

the substrate [189,194]. These observations underscore the sensitivity of melt pool morphology 

to scanning speed and highlight the critical role of thermal input in the LPBF process (see Fig. 

5.11). 

A fundamental difference between CW and PWM in LPBF is their mode of energy delivery, 

which in turn affects solidification kinetics [195]. In CW- LPBF, the continuous laser beam 

provides a steady heat source that establishes a more homogeneous thermal field and slower 

cooling rates [195]. These conditions favour the development of coarser microstructures [196]. 

In contrast, PWM-LPBF delivers energy intermittently, leading to rapid heating–cooling cycles 

and higher cooling rates [197]. The smaller volume of molten metal at any given time under 

PWM conditions can promote the formation of finer microstructures. 

Understanding the microstructure formation mechanisms in LPBF requires consideration of 

the melt pool geometry and thermal gradients. The optical microscopy images in Fig. 5.21 
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provide a clearer visualization of the melt pool boundaries, delineating the width-to-depth ratio 

for each condition. The heat flow direction (maximum thermal gradient, marked in white 

arrows), nearly perpendicular to the melt pool boundary, dictates the solidification path and 

subsequent grain growth direction [198,199]. This is schematically represented in Fig. 5.21 

bottom panel, where black arrows indicate the heat flow direction and the grain morphology is 

illustrated in gray (inferred from optical micrographs). Conditions C1 and C2, exhibited 

predominantly almost vertical grain growth. Conversely, in C3, the deeper melt pool suggested 

a grain growth direction with a strong horizontal component. As solidification progresses, the 

junctions where grains intersect can disrupt columnar grain growth, leading to the formation of 

multiple grain boundaries along the columnar direction. Post heat treatment, intermetallic 

particles exhibited a tendency to coalesce into larger intermetallics, aligning preferentially 

along grain boundaries, across all conditions.

Fig. 5.21 Optical micrography images of the three conditions. The heat flow direction (thermal 

gradients) are marked with white arrows in the top panel. The respective schematic 

representation of the melt pool and the heat flow direction (black arrows) are shown in the 

bottom panels along with the grain morphology in gray (inferred from the optical 

micrographs).

HXCT imaging revealed an aluminum matrix interspersed with bright intermetallic particles, 

while the melt pool boundary appeared with a darker contrast due to Fe depletion, immediately 

followed by a slight enrichment in the adjacent region (confirmed by FXCT, Fig. 5.16), see
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also [100]. FXCT further enabled the differentiation of Zr- and Fe-rich intermetallics and 

provided a detailed mapping of these elements (Fig. 5.17). The accumulation of larger Zr- and 

Fe- rich intermetallics at the grain boundaries and the presence of Fe and Zr in the matrix, 

either as solute atoms in solid solution or nanoscale intermetallic particles below the resolution 

limit of high-resolution tomography, were also identified. These observations can be explained 

by the non-equilibrium solidification conditions inherent to LPBF. For Fe-rich intermetallics, 

the process leads to the formation of both stable Al13Fe4 and metastable Al6Fe phases [92,200]. 

For Zr-rich intermetallics, nanoscale L12-Al3Zr precipitates can be formed [92,95,100,201]. 

These metastable phases, which remain below the detection threshold in the studied conditions, 

undergo thermodynamically driven transformations upon heat treatment. The heat treatment 

facilitated the coarsening of Fe- and Zr-rich intermetallics at the grain boundaries. In Fe-rich 

intermetallics, the nanoscale metastable Al6Fe phase in the Al matrix, transforms into the more 

stable Al13Fe4 phase at the grain boundaries [202–204]. Similarly, the nanoscale L12-Al3Zr, 

can undergo a transformation into the thermodynamically stable D023-Al3Zr phase, 

accumulating and coarsening along the grain boundaries during heat treatment [205]. Notably, 

Zr coarsening at the grain boundaries was not observed in 2D characterizations conducted in 

[92,100]. This emphasizes the critical importance of 3D characterization techniques over 2D 

methods in capturing the complete spatial complexity of microstructures. Across all three 

conditions, the intermetallic particles exhibited consistent size and distribution after heat 

treatment. ImageJ analysis showed that the average volume of these particles ranged between 

0.07 and 0.35 μm3, with no significant variation across the solidified melt pools. 
 
The thermal gradient and heat flow direction could further contribute to solute redistribution 

and microstructural evolution within different depths of the prior melt pool, under CW (slower 

cooling rates, C1) and PWM (faster cooling rates, C3) processing modes. The FXCT results 

for C1 (center and bottom) show uniform background concentrations of Fe (15.5 mg/cm³, 

0.56wt%) and Zr (26 mg/cm³, 0.96wt%) throughout the volume. In contrast, for condition C3 

(center), the background levels of Fe and Zr within the Al grains are slightly higher with 

uniform concentrations of ~17 mg/cm³ (~0.65wt%) for Fe and ~30 mg/cm³ (~1wt%) for Zr. 

These concentrations suggest that these elements are either partially trapped in the Al matrix 

or present forming nanoscale Al6Fe and L12-Al3Zr phases (Fig. 5.18 and 5.20). The uniformity 

of this distribution implies that a portion of Fe and almost all of Zr is either partially trapped in 

the Al matrix or present forming nanoscale precipitates after heat treatment. 
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For larger intermetallics in C1, continuous wave laser irradiation produces a steady heat source, 

leading to relatively uniform and slower cooling rates comparatively. At different depths within 

the melt pool, the Fe-rich intermetallic volume fraction increased slightly from 0.78% at the 

bottom to 0.92% at the center, whereas Zr exhibited a more significant increase from 0.52% to 

0.98%. This suggests that during solidification, Fe maintains a relatively constant distribution, 

increasing only slightly in volume fraction throughout the melt pool, indicating its consistent 

presence across the different depths. While Zr tends to remain either partially trapped in the Al 

matrix or present in its nanoscale metastable L12-Al3Zr form. The concentration of the larger 

Zr-rich intermetallics increases towards the upper regions of the melt pool, where cooling rates 

are slower, leading to a more pronounced accumulation in these areas. 

For C3, the pulsed irradiation in PWM mode introduced rapid thermal cycling, significantly 

altering the melt pool dynamics. Fe-rich intermetallics demonstrated a pronounced 

accumulation in the center of the melt pool, with a volume fraction of 3.4%, compared to only 

0.62% for Zr-rich intermetallics (Fig. 5.20). This discrepancy may be attributed to the altered 

melt pool morphology and the disruption of columnar grain growth at the center. During heat 

treatment, the coarsening of Al13Fe4 may have been further accelerated in grain boundary-dense 

regions, where shorter diffusion pathways enhance solute transport. The background level of 

uniform Zr concentration that is either partially trapped in the Al matrix or present as the 

nanoscale L12-Al3Zr is slightly more compared to condition C1. Given the comparatively faster 

solidification rates due to PWM laser mode and the increased melt pool depth (high linear 

energy density), Zr solute distribution may be different with that observed in C1. However, due 

to the loss of the bottom sample in C3, definitive trends across different melt pool depths cannot 

be established. 
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5.5 Key messages 

 
The analyses in this chapter allow for a thorough examination of the hypotheses 

introduced in the Motivation (Chapter 2). The following conclusions offer direct answers to 

the core research questions. 

How does the variation of LPBF processing influence microstructural formation? 
 
The variation in LPBF processing influences microstructural formation. Particularly laser 

scanning speed, energy density and Continuous Wave (slower cooling rates) vs. Pulsed Width 

Modulation modes (faster cooling rates), influence melt pool characteristics, thermal gradients, 

cooling rates, and solidification dynamics. These parameters, in turn dictate grain morphology, 

solute redistribution, and intermetallic formation. For instance, continuous laser scanning at 

moderate speeds and energy input can promote stable melt pools, with a balanced width-to-

depth ratio (W/D ~2) and grain structures (C1). Faster scanning speeds with same laser mode 

and energy, results in shallower melt pool limiting heat penetration (C2) (W/D >3). While a 

pulsed laser at a higher energy density results in a deeper melt pool and could potentially alter 

the grain growth patterns (C3, W/D ~1.2). In C1 and C2, the grain growth followed a clear 

columnar direction along the thermal gradient. In C3, deeper melt pools and comparatively 

faster solidification could disrupt the columnar grain growth, leading to a higher density of 

grain boundaries to form at the center. Additionally, variations in processing parameters can 

affect the segregation and accumulation of alloying elements, in this case, Fe and Zr, 

influencing their distribution within the aluminum matrix. Overall, these processing variations 

highlight the intricate relationship between LPBF parameters that dictate the microstructural 

characteristics. 

 

 
How do microstructural constituents, their architecture, and chemistry vary within a prior melt 

pool? How do heat treatments affect the elemental distribution and variation within a prior 

melt pool? 

Within a prior melt pool, the microstructural constituents, their spatial distribution, and 

elemental composition vary under the influence of thermal gradients and cooling rates during 

solidification and evolve during subsequent heat treatment. Heat flow direction and thermal 

gradients further dictate solute redistribution across different melt pool depths, particularly 
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under varying laser energy densities and processing modes such as CW and PWM. FXCT 

results for C1 (bottom and center) reveal the background level of uniform concentrations of Fe 

(15.5 mg/cm³, 0.56 wt%) and Zr (26 mg/cm³, 0.96 wt%), indicating that they are either partially 

trapped in the Al matrix or their presence in nanoscale metastable phases, Al6Fe and L12-Al3Zr, 

respectively. For condition C3 (center) the background levels of Fe and Zr within the Al grains 

are slightly higher with uniform concentrations of ~17 mg/cm³ (~0.65wt%) for Fe and ~30 

mg/cm³ (~1wt%) for Zr. This suggests that after heat treatment, a portion of Fe remains either 

partially trapped or in its metastable form Al6Fe, and mostly transforms to the Al13Fe4. Whereas 

Zr is primarily retained either partially trapped in Al matrix or present as nanoscale metastable 

precipitates and only minimal fraction preferentially coarsens at the grain boundaries. In heat-

treated samples, intermetallic particles exhibited consistent volumes ranging from 0.13 to 0.52 

μm3 across different melt pool regions, suggesting that heat treatments do not significantly alter 

particle size variations in different conditions but promotes the transformation from metastable 

to respective stable phases along grain boundaries. 

In C1, the continuous laser irradiation results in slower cooling rates, leading to a slight increase 

in Fe-rich intermetallic volume fractions from 0.78% at the bottom to 0.92% at the center, 

while Zr exhibits a more significant increase from 0.52% to 0.98%. This suggests that Fe 

follows a relatively consistent solidification pattern, while Zr distribution becoming more 

concentrated towards the upper melt pool regions where the cooling rates decrease. In C3, the 

pulsed laser irradiation in PWM mode introduces rapid thermal cycling, significantly altering 

the melt pool dynamics. Fe-rich intermetallics exhibit a very pronounced accumulation at the 

center (3.4% volume fraction), whereas Zr-rich intermetallics remain lower (0.62%). This 

discrepancy may be due to melt pool morphology and disrupted columnar grain growth. During 

heat treatment, the coarsening of the stable Al13Fe4 is likely accelerated in grain boundary-

dense regions, where shorter diffusion pathways enhance solute transport. The background Zr 

concentration, either partially trapped in the Al matrix or present as nanoscale L12-Al3Zr, is 

slightly higher compared to condition C1. The faster solidification rates in PWM laser mode 

and the increased melt pool depth (due to high linear energy density) can likely alter the Zr 

solute distribution compared to C1. However, due to the loss of the bottom sample in C3, 

definitive trends across melt pool depths cannot be established. 
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6 Aging and Overaging Effects on the Coarsening of 

Intermetallics in Al-1Fe-1Zr Alloy 
6.1 Introduction 
 
The rapid cooling in LPBF, combined with the repeated heating and cooling cycles from the 

layer-by-layer laser processing, can produce microstructural features that cannot be easily 

replicated using conventional manufacturing methods. The formation of supersaturated solid 

solutions, residual stresses, and texture are key metallurgical phenomena inherent to LPBF that 

can significantly influence the mechanical behaviour of the fabricated components [206]. Al 

alloys processed by LPBF face notable challenges, including high reflectivity, strong oxidation 

tendency, and high thermal conductivity [207]. Moreover, in the case of alloys with a wide 

solidification range the risk of defects such as solidification cracking exists [206,208]. The fine 

microstructures created through the rapid cooling and directional solidification of the LPBF 

process can offer attractive properties [56], but they may remain far from optimized for broader 

applications. 

 
This chapter examines the microstructural evolution of the Al-1Fe-1Zr alloy as a result of aging 

and overaging heat treatments. It has been reported in [100], that upon aging for 4 hr at 400°C, 

the alloy undergoes dual-phase precipitation, with the formation of nanoscale L12-Al3Zr 

precipitates within the Al grains and faceted Al13Fe4 intermetallics at the grain boundaries. The 

partitioning behaviour of these elements is influenced by the diffusion-dependent partition 

coefficients, with Fe exhibiting a stronger tendency to form intermetallic compounds, while Zr 

remains predominantly in the solid solution [100]. Thermodynamic models predict that the 

metastable solubility limit of Zr for the L12 phase is 0.17 wt% (0.05 at.%) under equilibrium 

conditions at 530°C. As an upper bound it is assumed that in the LPBF as-built state, Zr is 

retained in solid solution (i.e., 0.3 at.%)[100]. Similarly, Fe remains in solid solution in 

quantities of approximately 0.2 at.%, as inferred from image analysis comparing intermetallic 

fractions in the LPBF as-built and upon aging at 400°C for 4 hours [100]. However, many of 

these intermetallics remain too small to be fully resolved in 3D in the as-built condition and 

even after aging at 400°C for 4 hours. To enable 3D analysis and quantification of spatial 

distribution of Zr- and Fe-rich nanoprecipitates using X-ray tomography their dimensions must 

exceed the resolution limit of the imaging techniques employed. Previous studies indicate that 

aging at 400°C for 4 hours results in Al3Zr nanoprecipitates with an average diameter of ~2 
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nm, which remains below the detection threshold of high-resolution tomography [92,100]. 

Consequently, based on the thermodynamic model predictions, an overaging treatment at 

530°C for 24 hours was selected to induce precipitate coarsening, targeting an estimated size 

range of 30–50 nm, allowing for direct visualization and quantitative analysis. This coarsening 

process provides valuable insights into the spatial distribution of Zr- and Fe-rich 

microstructures. 

 
The primary objective of this chapter is to investigate the effects of heat treatments on the 

coarsening behaviour of intermetallics in the Al-1Fe-1Zr alloy, specifically targeting the 

growth of Zr- and Fe-rich nano-precipitates to dimensions that can be accurately visualized 

using synchrotron-based imaging techniques. For this, a comprehensive characterization of a 

multi-layer build sample was conducted. By carefully varying the heat treatment parameters, it 

is possible to promote the growth of nano-sized intermetallics, enabling their visualization and 

quantification using techniques at the ID16A beamline. These methods provide high spatial 

resolution, allowing for a detailed analysis of how heat treatments influence the coarsening 

kinetics and distribution of intermetallics within the alloy. 

 
This chapter aims to address two key research questions: 

 
 How do different heat treatments influence the microstructural evolution of the Al-1Fe-1Zr 

alloy manufactured via LPBF? 

 Is it possible to image and quantify the nano-sized precipitates present in Al-1Fe-1Zr? 
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6.2 Materials and Methods
Al-1Fe-1Zr alloy samples, with dimensions of 10 mm in diameter and 60 mm in length, 

were fabricated using LPBF on an EOS M290 machine (EOS GmbH). The system is equipped 

with a Yb-fibre laser featuring a 100 μm spot size. LPBF parameters were as follows: a 370 W 

laser power (continuous mode), a scan speed of 1400 mm/s, a hatch distance of 130 μm, and a 

layer thickness of 60 μm. A striped scanning pattern was implemented with a 67° rotation 

between successive layers to promote isotropic material properties. From this batch, one 

cylindrical sample was further machined to a reduced diameter of 350–550 μm and a length of 

6 mm. This machined sample was then glued on a Huber pin using UV glue (Fig. 6.1) for the 

tomography scans at the ID16A beamline.

Fig. 6.1 Light microscopy images of the machined Al-1Fe-1Zr sample. The left image shows 

the sample geometry and build direction, while the right image shows the same sample glued 

on a Huber pin.

The sample underwent a two-step heat treatment. First, it was aged at 400°C for 4 hours to 

observe microstructural transformations at peak aging and to correlate with previous findings 

reported in [92,100]. This was followed by an overaging heat treatment at 530°C for 24 hours 

to stimulate the growth of nano-sized intermetallic phases, specifically Al3Zr and Al6Fe, thus 

facilitating detailed compositional analysis within the Al matrix. Both large field of view and 

high-resolution phase-contrast tomography scans were performed on the as-built sample and 

repeated after each heat treatment to monitor microstructural evolution over the treatment 

stages.
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Fig. 6.2 (Left) Light microscopy image of the Al-1Fe-1Zr sample showing the region where 

large FoV HXCT scans were conducted. (Center) SEM image of the same region, and (right) 

the enlarged image showing the extraction site of the ~30 μm diameter sub-sample. The build 

direction is indicated for reference.

For further high-resolution analysis, a smaller sub-sample (~30 μm in diameter) was extracted 

from the final heat-treated sample (Fig. 6.2, right). This extraction was achieved through 

focused ion beam (FIB) milling on an FEI Helios Nanolab 600i dual-beam system, equipped 

with both electron and Ga⁺ ion beams, at the Institute of Materials Research, German 

Aerospace Center (DLR). A protective carbon layer was deposited over the area of interest 

prior to milling to shield it from potential damage and to act as a fiducial marker for maintaining 

the sample orientation. The extracted sub-sample was attached to a modified tungsten 

Omniprobe needle via platinum deposition and then mounted on a Huber sample pin for high-

resolution tomographic and compositional analysis.

6.2.1 3D Characterization Techniques

The general methodology outlined in section 3.3 was employed with minor adaptations 

for each sample condition. HXCT scans with FoV of 400 x 400 x 400 μm3 and local HXCT 

ROI scans of 45 x 45 x 45 μm3 and local high-resolution tomography NFPXCT scans (FoV 60 

x 60 x 60 μm3) were conducted using an energy of 17.1 keV.

For the extracted sub-sample, the scans were performed using 33.35 keV to excite the K-edge 

of Zr for improved X-ray fluorescence imaging. This energy minimized the self-attenuation of 

emitted radiation, allowing for correlative high-resolution phase contrast and X-ray 

fluorescence data acquisition. High-resolution HXCT scans were carried out at four different 

distances from the focal point, starting with an initial pixel size of 15 nm. For FXCT, the FoV
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was 35 μm x 35 μm with an 8 μm height along the sample’s build direction. A total of 65 

projections were acquired over 180°, consisting of two sub-tomograms of 32 projections each, 

with an additional 180° projection for enhanced alignment. With a 100 nm step pixel size and 

a 10 ms dwell time per pixel, each projection required ~7 minutes, totaling just over 8 hours 

per scan. For further investigation, a higher-resolution FXCT scan was conducted with 192 

projections acquired over 180° using four sub-tomograms, with a FoV of 36 μm x 36 μm and 

a 3.6 μm height. A step pixel size of 36 nm and a dwell time of 6.5 ms per pixel were used, 

with each projection taking ~13 minutes, resulting in a total scan time of around 40 hours (!).

6.3 Results

Fig. 6.3 HXCT slices illustrating the continuous stacking of melt pools in the LPBF-fabricated Al-1Fe-

1Zr alloy. (Left) The x-z plane reveals elongated and semi-cylindrical melt pools, and (right) in the x-
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y plane, the melt pools appear as rounded or elongated stripes depending on the LPBF scan strategy. 

The melt pool boundaries are delineated by white dashed lines in the HXCT slice. The 3D rendering of 

the sample in the bottom panel elucidates the morphology of melt pool boundaries, each marked with 

a different colour. 

The microstructure of LPBF Al-1Fe-1Zr alloy in the as-built condition using the same LPBF 

processing parameters, has been previously documented in 2D [92,100]. Due to the layer-by-

layer nature of the LPBF process, the as-built parts inherently exhibit anisotropic 

characteristics. As shown in Fig. 6.3, the bulk material along the build direction consists of a 

continuous stacking of melt pools whose orientation depends on the laser scan direction. The 

3D rendering of the sample in the bottom panel elucidates the morphology of melt pool 

boundaries, each marked with a different colour. 

In the as-built condition, HXCT analysis, both in the large field of view (FoV) and at higher 

resolution ( Fig. 6.4). ROI1 and ROI2 were strategically chosen to encompass melt pool border 

for detailed characterization. 



Aging and Overaging Effects on the Coarsening of Intermetallics in Al-1Fe-1Zr Alloy

111

Fig. 6.4 HXCT slices and volume rendering of the as-built Al-1Fe-1Zr alloy. The large field of 

view (FoV) slice (a) reveals the characteristic semi-cylindrical melt pool (same slice shown in

(d) with the melt pools borders marked in white) morphology along the build direction. ROI1

(b) focuses on the upper region of a melt pool, while ROI2 (e) captures the lower region of the 

same melt pool (melt pools borders marked in yellow arrows). The enlarged images (c and f) 

highlight cellular intermetallics (bright features) just above the melt pool boundaries in the as-
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built condition. The 3D rendering of the cellular intermetallics is shown in (g), corresponding 

to a region within (f). 

The melt pool boundaries were clearly visible, marked by a distinct darker contrast (marked 

with yellow arrows in Fig. 6.4 (b and e) indicative of a reduced total mass density. Immediately 

above these boundaries, intermetallic-enriched regions exhibiting higher mass density were 

observed to align with the direction of solidification, indicating a potential accumulation of 

intermetallic phases during the solidification process. As shown in Fig. 6.4 (c and f), magnified 

views of selected melt pool regions reveal melt pool borders with a width of approximately 

200 nanometres (corresponding to 2 to 4 voxels), along with the presence of cellular 

intermetallic structures (Fig. 6.4 (g)) situated directly above the melt pool boundaries in the as-

built condition. 

Following the initial heat treatment at 400°C for 4 hours, as described in [100], HXCT slices 

from both the large FoV and the high-resolution ROI scans of the same regions were analyzed 

(Fig. 6.5). In the large FoV slices, the intermetallic particles align forming elongated structures, 

probably decorating Al grain boundaries. These structures display what seem to be grain 

growth patterns. 
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Fig. 6.5 HXCT slices and volume rendering of the Al-1Fe-1Zr alloy after heat treatment at 

400°C for 4 hours. The large FoV slice ((a), (d) same slice with melt pools marked) shows the 

aligned intermetallic particles forming elongated structures, probably decorating grain 

boundaries. ROI1 (b) highlights the top region of a melt pool with intermetallic particles, while 

ROI2 (e) reveals similar features in the lower region of the melt pool with intermetallic sizes 

ranging from ~400 nm to ~1 μm (marked with orange arrows). The cellular intermetallics 

(bright features) appear relatively more coarsened compared to the as-built condition, just
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above the melt pool boundaries in the enlarged images in (c) and (f). The 3D rendering shown 

in (g) elucidates the intermetallics particles corresponding to a region within (b). 

High-resolution ROI slices (Fig. 6.5 (b) and (e)) provided more detailed insights into the 

microstructures. Intermetallics were found to accumulate predominantly in elongated patterns 

probably along grain boundaries (orange arrows in Fig. 6.5 (b) and (e), also see (g)). The melt 

pools boundaries are still distinctly visible and the cellular intermetallics just above the melt 

pool boundary appear relatively more coarsened, as seen in the enlarged images (Fig. 6.5 c and 

f). 

After the overaging heat treatment at 530°C for 24 hours, significant microstructural changes 

are observed in the HXCT volumes. The large FoV slice (Fig. 6.6 (a)) reveals a pronounced 

growth of intermetallics. These intermetallics, now appear more globular and voluminous, 

emphasizing the grain boundary decoration. This growth suggests the visibility of the grain 

boundaries within the large FoV, making them more distinctly delineated compared to the as-

built and 400°C heat-treated states. The accumulation of these globular intermetallics along the 

grain boundaries reflects the overaging heat treatment's role in promoting the coarsening of 

secondary phases. 
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Fig. 6.6 HXCT slices and volume rendering illustrating the microstructure of the Al-1Fe-1Zr 

alloy after extended heat treatment at 530°C for 24 hours. The left panel shows a Large FoV 

HXCT slice ((a) and (d)- initial melt pool boundaries marked), highlighting the overall growth 

of intermetallics, which appear as globular or plate-like structures. The ROI1 (b) represents a
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detailed view of the top region of a melt pool, while the ROI2 (e) shows the bottom region of 

the same melt pool. The 3D rendering (Fig. 6.6 (g)) shows the intermetallics from ROI1. Blue 

arrows in ROI1, ROI2 and the 3D rendering mark plate-like intermetallic features (~1–2 μm 

along their longest axis), while yellow arrows indicate bigger globular intermetallic structures. 

Red squares marked in ROI1 and ROI2 highlight nano-precipitates, enlarged in (c) and (f) 

which exhibit rod-like, cubic or spherical morphologies and are a few tens of nanometers in 

size. These precipitates were a focal point for quantification. 

In the high-resolution HXCT scans (ROI1 and ROI2), which correspond to the upper and lower 

regions of the same melt pool, further insights into the microstructure are obtained (Fig. 6.6, b 

and e). In these regions, intermetallic particles are observed with increased detail, showing 

diverse morphologies. Globular intermetallics dominate, but plate-like structures up to 1–2 μm 

along their longest axis, are also present (see Fig. 6.6 - 3D rendering). Additionally, small 

bright features are observed within the Al grains, as seen in the enlarged images (Fig. 6.6 c and 

f). These features, measuring only a few tens of nanometers in size, exhibit rod-like, cubic or 

spherical morphologies. Unlike the as-built and 400°C-treated states, the visibility of the melt 

pool boundaries is reduced in the high-resolution ROI volumes. As the melt pool boundaries 

can no longer be identified, Fig. 6.6 (d) shows the approximate regions of the initial melt pools 

boundaries marked in white for reference, inferred from the as-built and 400°C-treated 

conditions. 

A direct comparison of the same x-z slices from HXCT volumes is shown in Fig. 6.7, 

illustrating the microstructural evolution of the Al-1Fe-1Zr alloy from the as-built condition 

(left) to aged (4 h at 400 °C, center) and overaged (24 h at 530 °C, right) states. 
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Fig. 6.7 Direct comparison of the same x-z slices from HXCT volumes corresponding to 

Figures 6.4, 6.5, and 6.6, illustrating the microstructural evolution of the Al-1Fe-1Zr alloy
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from the as-built condition (left) to aged (4 h at 400 °C, center) and overaged (24 h at 530 °C, 

right) states. 

To further investigate the microstructural evolution at the nanoscale, NFPXCT was performed 

at a newly defined region, ROI3 marked in Fig. 6.8 (a). This region was strategically selected 

to examine the junction of multiple melt pool boundaries, located just above ROI1. The voxel 

size for NFPXCT in this region was set to (30 nm)3 while still preserving a large FoV (60 x 60 

x 60 μm3), enabling high-resolution imaging of fine microstructural features. NFPXCT scans 

were conducted at the same ROI3 location for the sample heat-treated at 400°C for 4 hours and 

after overaging at 530°C for 24 hours, facilitating a direct comparative analysis of the 

microstructural changes. Fig. 6.8 illustrates the results of these investigations. The NFPXCT 

slice of ROI3 after the 400°C heat treatment and the corresponding slice after the overaging 

treatment at 530°C for 24 hr in shown in Fig. 6.8 (b) and (c), respectively. The 3D renderings 

of a portion of the volume representing the corresponding conditions are shown in (f) and (g), 

respectively. In both cases, the scans provide a comprehensive view of the region, highlighting 

the microstructural features at the junction of multiple melt pool boundaries. Fig. 6.8 (h) 

overlays the volumes shown in (f) and (g), which enables direct comparison of microstructural 

evolution from the aged to the overaged condition. The yellow boxed areas in the NFPXCT 

slices mark regions of interest, which are enlarged in Fig. 6.8 (d) and (e), to focus on the nano 

intermetallics. 
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Fig. 6.8 (a) HXCT slice of the Al-1Fe-1Zr alloy acquired after heat treatment at 400°C for 4 

hours, with ROI3 located at the junction of multiple melt pool boundaries. Panels (b) and (c)
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present NFPXCT slices of the 400°C/4 h and 530°C/24 h conditions, respectively. The yellow 

boxes indicate the regions enlarged in (d) and (e), which provide enlarged views of nanoscale 

intermetallic precipitates that emerge more distinctly after overaging. Panel (f) shows a 3D 

rendering of a portion of the NFPXCT volume from the 400°C/4 h condition (marked in red 

dashed box in (b)), highlighting the distribution of intermetallics above the melt pool boundary 

(marked in green arrows, also see (b)) and along Al grain boundaries. Panel (g) displays the 

corresponding 3D rendering from the 530°C/24 h condition (marked in red dashed box in (c)), 

illustrating coarsening and redistribution of intermetallics upon overaging. Panel (h) overlays 

the volumes shown in (f) and (g), enabling direct comparison of microstructural evolution. 

Panel (i) presents a high-resolution 3D rendering of nano-precipitates within the Al grains 

extracted from the 530°C/24 h condition, corresponding to a region within the volume shown 

in panel (e). 

The enlarged NFPXCT slices from the 530°C overaged sample (Fig. 6.8 (e) and (i)) distinctly 

reveal the nanoscale intermetallics that can be hardly identified in the 400°C condition. The 

nano-intermetallics appear as bright, well-defined features against the Al matrix. Their 

enhanced visibility after the overaged heat treatment is indicative of their growth during 

prolonged thermal exposure. The detailed nanoscale imaging achieved with NFPXCT, 

particularly in capturing both the larger and nano intermetallics, is critical for understanding 

the interplay between what seems to be the grain morphology and the evolution of nano-

intermetallics. 

6.3.1 Correlative High-Resolution HXCT and FXCT Characterization 

A small sub-sample (Fig 6.2) was extracted from the previously analyzed sample to 

perform high-resolution HXCT and FXCT measurements, providing a more detailed 

characterization of the intermetallic phases. In Fig. 6.9, HXCT data is presented in two 

orthogonal slices: an x-y slice aligned with the build direction and an x-z slice perpendicular to 

it. The enlarged regions in the x-y and x-z slice, highlighted with an orange and green square, 

are shown in the respective right panels. The enlarged images illustrate the presence of roughly 

cubical (black arrows) and rod-like (blue arrows) nano intermetallics. Similarly, larger plate-

like (red arrow) and globular intermetallics ( yellow arrow) are also observed. 
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Fig. 6.9 High-resolution HXCT slices of the sub-sample extracted for detailed microstructural 

characterization. (Left) x-y slice aligned with the build direction and (bottom) x-z slice



Aging and Overaging Effects on the Coarsening of Intermetallics in Al-1Fe-1Zr Alloy 

122 

 

 

perpendicular to the build direction. Enlarged regions highlighted by orange and green 

squares, are presented in the right panel for detailed visualization. The enlarged images and 

the 3D rendering reveal the presence of nano-sized intermetallics exhibiting distinct 

morphologies, including cubic (black arrows) and rod-like (blue arrows) structures. Larger 

intermetallics, such as plate-like structures (red arrows) and globular precipitates (yellow 

arrows), are also observed. 

Despite the clarity provided by HXCT in resolving structural details, the differentiation 

between intermetallics rich in Zr and Fe proves challenging due to their similar total mass 

densities, as discussed in earlier chapters. This limitation underscores the necessity of FXCT 

in providing elemental specificity. In Fig. 6.10, FXCT maps corresponding to the same HXCT 

x-y slice are shown for direct comparison, enabling the identification of elemental distributions, 

along with Ga decoration that will permit the identification of the grain boundaries. 
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Fig. 6.10 FXCT elemental maps of the sub-sample corresponding to the x-y slice shown in Fig.

6.9 for direct comparison. x-z and x-y slice (build directions marked) of the Zr map and the Fe 

map highlight the elongated plate-like intermetallics predominantly rich in Zr and globular 

morphology of Fe-rich intermetallics. The Zr map shows a much higher population of nano 

intermetallics (white arrows) comparatively than the Fe map (red arrows). Ga map distinctly 

outlines the grain boundaries, confirming the formation of larger intermetallics at these 

boundaries and nano intermetallics within the grains. The 3D renderings of the volumes of Zr, 

Fe and Ga allow to visualize the morphology and spatial distribution of the intermetallics and
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the grains. Some of these larger intermetallics are isolated and shown in the bottom panels. 

Zr-rich intermetallics have plate-like morphology and Fe tends to form more irregular 

globular structures. 

The FXCT elemental analysis reveals distinct morphological tendencies for Zr-rich and Fe-rich 

intermetallics. Zr-rich phases predominantly form bulky plate-like structures, whereas Fe-rich 

intermetallics exhibit an irregular globular morphology (Fig. 6.10 x-z and x-y slice). The grain 

boundaries are distinctly highlighted in the Ga map, confirming the preferential formation of 

the larger intermetallics at these boundaries. The FXCT x-z and x-y slices of Zr maps further 

illustrates the population of nano intermetallics uniformly distributed within the grains (Fig. 

6.10 white arrows), whereas in Fe maps the nano intermetallics are sparsely found in certain 

regions (Fig. 6.10 red arrows). This suggests that the relatively bigger nanoscale Zr- and Fe-

rich precipitates, initially dispersed throughout the grains, coarsen during heat treatment and 

subsequent overaging to sizes that are detectable at a voxel size of 100 nm3. This observation 

is consistent across both the x-y and x-z slices, as depicted in the corresponding elemental maps. 

It is also important to note that due to the low detection limits and high contrast sensitivity in 

FXCT, even precipitates smaller than the voxel size may contribute to the measured signal, 

enabling partial detection of features below the nominal resolution. 

6.3.2 High resolution FXCT 

To enhance the spatial resolution and improve the quantitative analysis of nano-sized 

intermetallics, FXCT was performed with a voxel size of (36 nm)3, a significant improvement 

compared to the previous dataset acquired at (100 nm)3 voxel size. Fig. 6.11 provides a 

comparative assessment of elemental maps for Zr, Fe, and Ga. 

In Fig. 6.11, the top row presents elemental maps of Zr (left), Fe (center), and Ga (right) 

corresponding to the same slice shown in Fig. 6.10, providing insight into the morphology and 

spatial distribution of intermetallics in high resolution. The central images display 3D 

renderings of Zr and Fe distributions overlaid with Ga, further highlighting the intermetallic-

phase arrangement relative to the grain boundaries. 
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Fig. 6.11 Comparative analysis of intermetallic distributions using high-resolution FXCT with 

a voxel size of (36 nm)3. Top row: Elemental maps of Zr (left), Fe (center), and Ga (right) of 

the same x-y slice shown in Fig. 6.10. The central images present 3D renderings of Zr and Fe 

distribution, overlaid with Ga to delineate grain boundaries. On the left, larger Zr- and Fe-
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rich intermetallics are shown, while the right panel focuses on nanoscale intermetallics. The 

Zr-rich intermetallics predominantly exhibit disc-like or spherical morphologies, whereas the 

Fe-rich intermetallics appear as both spherical and rod-like structures, indicated by green and 

yellow arrows, respectively. Bottom row: Histograms of the size distribution of the nano 

intermetallics. The left histogram shows the particle volume distribution, emphasizing the 

dominance of Zr-rich particles in smaller volume ranges compared to Fe-rich particles. The 

right histogram illustrates the diameter distributions of the nano-particles, with Zr-rich 

particles predominantly within the 60−100nm range, highlighting their finer size. 

 
In Fig. 6.11, larger Zr- and Fe-rich intermetallics are depicted on the left that are predominantly 

formed at the edge of the Al grains, whereas the right panel emphasizes nanoscale 

intermetallics, distributed within the grains. These observations are critical in understanding 

microstructural evolution. Morphological analysis reveals that nanoscale Zr-rich intermetallics 

predominantly exhibit disc-like or spherical morphology. In contrast, nanoscale Fe-rich 

intermetallics appear in both spherical and rod-like morphologies, as indicated by green and 

yellow arrows (Fig. 6.11, right panel of 3D renderings), which may reflect differences in 

growth mechanisms under aging and subsequent overaging. The histograms at the bottom of 

Fig. 6.11 provide quantitative observations. The particle volume distribution (bottom left) 

shows a stark disparity, with Zr-rich intermetallics dominating the smaller volume ranges 

(0.003μm3) and Fe-rich particles being less frequent across the sizes. Similarly, the diameter 

distribution (bottom right) reinforces the fine-scale nature of Zr-rich intermetallics, with the 

majority falling within the 60−100nm range. The analysis revealed the total of particle volumes 

of 24.2 μm3 and 0.78 μm3, of Zr- and Fe-rich nano-particles distributed within the scanned 

volume, respectively. This corresponds to volume fractions of ~0.95% (~0.5wt%) for Zr-rich 

intermetallics and ~0.03% (~0.008wt%) for Fe-rich intermetallics (without accounting the 

larger intermetallics). 

 
6.4 Discussion 

6.4.1 Multilayer Melt Pool Boundaries 

 
At the melt pool scale, HXCT analyses of the as-built sample revealed distinct melt 

pool boundaries characterized by darker contrast, indicative of a reduced mass density over a 

thickness of ~200 nm (Fig. 6.4). Previous 2D characterizations of this alloy system with the 

same LPBF processing parameters reported Fe depletion along these melt pool boundaries, 
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which was correlated with high ductility, as evidenced by in-situ tensile tests [100]. The Fe 

depletion at the melt pool boundaries is shown in the FXCT results of the previous chapter. 

HXCT results corroborate these findings in 3D, clearly resolving Fe-depleted zones along the 

melt pool boundaries. The localized depletion in Fe, within these melt pool boundary zones, 

results in a softer region [100]. Melt pool boundaries, forming a 3D interconnected softer 

network (Fig. 6.3), coexist with the microstructure's overall high ductility in the as-built state. 

These features remained morphologically unchanged after initial heat treatment at 400°C/4 h 

(Fig. 6.5). However, prolonged thermal exposure at 530°C/24 h (Fig. 6.6) facilitated the 

homogenization across the microstructures, thereby reducing the contrast of the distinct melt 

pool boundary regions. 

 
In contrast, the presence of cellular intermetallic phases just above the melt pool boundaries 

could likely correspond to the stable θ-Al13Fe4 (Fig. 6.4, 6.5, (c) and (f)). This also aligns with 

findings by Qi et al., who demonstrated similar features in LPBF-fabricated Al-2.5Fe alloys, 

where Fe-rich intermetallics formed a coarser network developed above the melt pool boundary 

[209]. This localization suggests a preferential formation mechanism at the solid-liquid 

interface during LPBF solidification [210]. Solid phases are known to nucleate and grow under 

conditions of high thermal gradients and relatively low solidification rates, particularly in the 

early stages of solidification [106,211,212]. The lower solidification rate facilitates the 

formation of stable intermetallic phases, which aligns with the observed θ-phase at the melt 

pool boundaries. Additionally, the extensive two-phase region in the Al-Fe binary system (Fig. 

3.2), consisting of solid θ-Al13Fe4 and liquid Al, suggests that fragments of the θ-phase may 

persist in the melt pool during laser scanning. These undissolved θ-phase particles, residing at 

the solid-liquid interface, could act as preferential nucleation sites, thereby enhancing the 

formation and growth of θ-phase at the melt pool boundaries region with subsequent laser 

passes [210], and also during the aging and subsequent overaging. 

6.4.2 Microstructural Evolution of Zr- and Fe-rich intermetallics 

The high-resolution FXCT enables precise quantification of nanoscale intermetallics of 

the Al-1Fe-1Zr allow after overaging, offering detailed insights into their size distribution and 

volume fraction. Analysis of the diameter distribution shows that nanoscale Zr-rich 

intermetallics predominantly range between 60 and 100 nm. The Zr-rich particles are 

significantly more abundant than their Fe-rich counterparts, with total measured volumes of 

~24.2 μm³ and ~0.78 μm³, respectively and corresponds to volume fractions of ~0.95% 
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(~0.5wt%) for Zr-rich and ~0.03% (~0.008wt%) for Fe-rich nanoscale intermetallics. This 

suggests that nearly half of Zr and only a very small fraction of Fe from the nominal alloy 

composition is at this scale. 

The rapid solidification conditions inherent to LPBF processing lead to the formation of 

metastable intermetallic phases. For Fe-rich intermetallics, it results in the formation of both 

stable Al13Fe4 and metastable Al6Fe phases [92,200]. For Zr-rich intermetallics, it is Al3Zr 

phase predominantly in its nanoscale L12 form [92,95,100,201]. These metastable phases, 

which remain undetectable in the as-built state using high-resolution tomography, undergo a 

series of thermodynamically driven transformations during aging and subsequent overaging. 

The microstructural evolution of these Fe-rich and Zr-rich intermetallics is governed by solute 

redistribution, diffusion kinetics, and phase stability considerations. A key observation during 

aging and subsequent overaging is the progressive coarsening of Fe- and Zr-rich intermetallics 

at the grain boundaries (marked by the FXCT Ga map, Fig. 6.10), primarily driven by Ostwald 

ripening [213]. This mechanism drives the coarsening of intermetallics by promoting the 

dissolution of smaller metastable particles and the subsequent diffusion of atoms toward larger, 

more stable precipitates. 

In Fe-rich intermetallics, the nanoscale metastable Al6Fe formed due to non-equilibrium 

solidification undergoes a transformation into the more stable Al13Fe4 phase at the grain 

boundaries [202–204]. This process is further accelerated in regions with a higher density of 

grain boundaries or narrower grains, where shorter diffusion distances facilitate more efficient 

solute transport. Consequently, Fe-free zones develop in the grain interiors as Fe atoms 

preferentially migrate towards the grain boundaries, leaving behind an Al matrix with 

significantly reduced Fe content. The extent of this Fe depletion is particularly pronounced in 

areas where grains are narrower, as the limited available space accelerates the diffusion of 

solute atoms towards the grain boundaries (Fig. 6.12, Areas 1 and 3). Simultaneously, within 

larger intragranular regions, where diffusion distances are greater, the transformation pathway 

diverges from that observed at the grain boundaries. The metastable nanoscale Al6Fe continue 

to grow to form larger spherical particles. The extended diffusion lengths limit the complete 

dissolution of Al6Fe , resulting in its transformation into rod-like particles that are most likely 

Al3Fe, a more thermodynamically stable intermetallic phase [214]. This transformation is 

favoured in regions with relatively larger grains, where the energy barrier for Fe diffusion to 

the grain boundaries becomes increasingly prohibitive (Fig. 6.12, Areas 2 and 4). Unlike the 

globular Al13Fe4, which nucleates and coarsens at the grain boundaries, Al3Fe exhibits a strong 
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preference for linear growth, adopting a rod-like morphology. As heat treatment continues, 

smaller Al6Fe particles coalesce and elongate into rod-like Al3Fe.

Fig. 6.12 3D rendering of the high-resolution FXCT dataset, highlighting regions of interest 

(marked Areas 1-4) to illustrate the spatial distribution of larger Zr- and Fe-rich intermetallics. 

Enlarged views of the marked areas provide a detailed visualization of their morphology and 

distribution.

Similarly, for Zr-rich intermetallics, the nanoscale L12-Al3Zr possibly undergoes a 

transformation into the more thermodynamically stable D023-Al3Zr phase, leading to its 

accumulation and coarsening along the Al grain boundaries [205], with plate-like morphology.
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Analogous to the behaviour observed in Fe-rich intermetallics, regions with a high density of 

grain boundaries or narrower grains exhibit a reduced population of the L12-Al3Zr, 

accompanied by a higher proportion of coarsened Zr-rich plate-like particles (Fig. 6.12, Areas 

1 and 3) . In contrast, within larger intragranular regions, the nanoscale cubic L12-Al3Zr 

precipitates continue to grow, resulting in the formation of smaller disc-like or spherical 

precipitates suggesting its change into D023-structure during overaging (Fig. 6.12, Areas 2 and 

4). The diffusion-mediated L12 to D023 phase transition proposed here, is in line with previous 

findings in [215], which suggest that the D022 phase may serve as an intermediate state, 

eventually transforming into the stable D023 structure upon extended heat treatments. This 

further substantiates the feasibility of the transformation mechanisms described above. 
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6.5 Key messages 
The analyses presented in this chapter provide a detailed examination of the hypotheses 

introduced in the Motivation (Chapter 2), addressing the influence of heat treatments on 

microstructural evolution and the feasibility of imaging nano-intermetallics in the LPBF-

fabricated Al-1Fe-1Zr alloy. 

 

 
How do different heat treatments influence the microstructural evolution of the Al-1Fe-1Zr 

alloy manufactured via LPBF? 

In the as-built condition, the melt pool boundaries were distinctly visible, characterized by a 

lower mass density and Fe depletion. Upon heat treatment at 400°C/4 h, these boundaries 

remained largely unchanged but overaging facilitated microstructural homogenization, 

strongly reducing contrast at the melt pool boundaries. The cellular intermetallic phases just 

above the melt pool boundaries corresponding to the stable θ-Al13Fe4 coarsened during the heat 

treatment and subsequent overaging. The thermal treatments applied to the alloy significantly 

impact the hierarchical microstructure. A key observation during heat treatment and subsequent 

overaging is the progressive coarsening of Fe- and Zr-rich intermetallics at the grain 

boundaries, primarily driven by Ostwald ripening. At 400°C for 4 hours, intermetallic phases 

begin to coarsen at grain boundaries, transforming to the stable Al13Fe4 and D023-Al3Zr. 

Subsequent overaging, at 530°C for 24 hours drives further coarsening of intermetallics, 

forming Al13Fe4 irregular globular particles and plate-like D023-Al3Zrparticles at grain 

boundaries. 

In larger intragranular regions, Fe diffusion barriers result in the coarsening of the nanoscale 

metastable Al6Fe and its partial transformation into rod-like Al3Fe. Similarly, for Zr-rich 

intermetallics, nanoscale L12-Al3Zr coalesces into disc-like or spherical precipitates, 

suggesting a gradual diffusion-mediated transformation into the more stable D023-Al3Zr. 

Is it possible to image and quantify the nano-sized precipitates? 
 
Using high-resolution synchrotron-based X-ray computed tomography techniques it is possible 

to image and quantify nano-sized precipitates. Moreover, extended heat treatments played a 

crucial role in coarsening these nano-sized precipitates to sizes resolvable by high-resolution 

imaging, demonstrating that such thermal exposure is essential for accurate visualization and 

quantification. The combination of high-resolution NFPXCT and HXCT provided crucial 
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insights into the spatial distribution and morphological evolution of nano-intermetallics, 

serving as a mapping tool to track the effects of heat treatments. However, the precise 

quantification of individual elemental phases at the nanoscale was achieved through high-

resolution FXCT with a voxel size of (36 nm)3. The FXCT data revealed that Zr-rich 

intermetallics predominantly ranged between 60 and 100 nm, whereas Fe-rich intermetallics 

were significantly less abundant. The total measured volumes of Zr-rich and Fe-rich nanoscale 

intermetallics were 24.2 μm3 and 0.78 μm3, corresponding to volume fractions of 0.95% 

(0.5wt%) and 0.031% (0.008wt%), respectively. This suggests that nearly half of Zr and only 

a very small fraction of Fe from the nominal alloy composition is at this scale and the rest have 

transformed to the stable counterparts. 
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7 Conclusion 
This research investigates the microstructural properties of the Al-1Fe-1Zr alloy 

(Constellium Aheadd® CP1) processed via LPBF, addressing critical gaps in understanding 

the process-microstructure-property relationship. Given the vast number of variables 

influencing LPBF, a comprehensive experimental assessment of all influencing factors is 

impractical. However, precise nanoscale characterization enables predictions of material 

behaviour and performance, bridging rigorous academic research with industrial applications. 

This study utilizes the advanced X-ray nano-imaging capabilities of the ID16A beamline at 

ESRF to achieve high-resolution, non-destructive 3D visualization and quantification of 

microstructural features. These techniques provide deeper insights into the morphology, spatial 

distribution, and phase evolution of Fe- and Zr-rich intermetallics during LPBF processing and 

subsequent heat treatments. The ability to conduct repeated non-destructive investigations 

before and after heat treatments provides a robust framework for understanding phase 

transformations and solute redistribution. Prior to applying these techniques to microstructural 

analysis, this study also optimizes experimental methodologies and beamline parameters for 

high-resolution imaging in AM. Refining synchrotron-based techniques enhances data quality, 

reduces acquisition times, and improves cost-efficiency, extending the applicability of these 

methods to a broader range of metallic systems. This work contributes to addressing key 

challenges in materials characterization, advancing the understanding of the process-

microstructure-property relationship, and enhancing experimental efficiency through 

synchrotron-based 3D characterization techniques. 

In chapter 3, the principles of LPBF were described along with its adoption in various sectors 

due to its capabilities in design efficiency. The Al-Fe and Al-Zr binary, and the ternary Al-Fe-

Zr alloy systems were discussed to understand their rapid solidification behaviour, forming a 

theoretical foundation for subsequent investigations. Previous studies on Constellium 

Aheadd® CP1 were described in detail, particularly a comprehensive study employing 2D 

multiscale characterizations to analyze the mechanical properties of the alloy in as-built and 

peak-aged states. After peak aging for 4 h at 400°C, the alloy exhibits a yield strength of 310 

MPa and thermal conductivity of 180 W/m.K, compared to 130 MPa and 122 W/m.K, 

respectively, in the as-built condition. Additionally, in-operando synchrotron X-ray 

radiography was employed to analyze laser-matter interactions, demonstrating that scan speed 

significantly affects spatter trajectory more than laser power. The impact of different layer 

thicknesses and the effects of a remelting strategy were also assessed. It was concluded that a 
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30 μm layer thickness provides the most robust process window, yielding material densities 

above 99.85% when processed with a 400 W laser. Furthermore, this chapter described the X-

ray principles and the propagation-based phase contrast methods, along with X-ray 

fluorescence. The experimental setup of the ID16A beamline was explained, along with the 

imaging methods HXCT, NFPXCT, and FXCT. The workflow of each technique was outlined, 

detailing the sequential steps from raw data acquisition to 3D reconstruction. 

In chapter 4, the full potential of these imaging techniques was realized through meticulous 

optimization of experimental parameters, tailored to the material and microstructures under 

investigation. Experimental strategies included optimizing parameters such as X-ray energy, 

number of projections, and the application of techniques like random displacement to improve 

data quality. The X-ray energy of 33.3 keV was preferred for corelative phase contrast and 

fluorescence imaging (to excite the K-edge of Zr). However, for NFPXCT the phase maps 

reconstructed at 17.1 keV exhibit considerably enhanced clarity, with minimal noise, thereby 

demonstrating the superior performance of this lower energy setting in capturing fine structural 

details. An experimental upgrade using a real-time control system for nano-positioning 

significantly reduced X-ray fluorescence acquisition times, improving overall efficiency. 

Refinement of alignment techniques shows a marked improvement in image quality. This 

chapter also provided a detailed examination of the ultrafine internal structure, morphology, 

and local mass density of an Al-1Fe-1Zr alloy in 3D. A comparative evaluation of HXCT and 

NFPXCT was conducted, assessing their performance in terms of acquisition time, 

reconstruction quality, and spatial resolution. NFPXCT offered improved spatial resolution and 

reduced artefacts, primarily due to its ability to accurately account for inhomogeneities in the 

incident beam (probe). Nevertheless, the majority of the analyses presented in the following 

sections were conducted using HXCT for several practical and technical reasons: (1) 

significantly shorter acquisition times, typically 3–4 times faster than NFPXCT; (2) more 

established and computationally efficient data processing workflows; and (3) improved 

imaging performance at 33.3 keV X-ray energy, which also aligns with the optimal energy 

range required for FXCT measurements. These insights were complemented by FXCT, which 

provided element-specific chemical analysis in 3D. The phase contrast and element sensitive 

techniques enabled both qualitative and quantitative analysis of phase morphology, mass 

density, and chemistry with spatial resolutions of 57 nm and elemental concentration detection 

limits of 3 mg/cm³ for Zr, 1.5 mg/cm³ for Fe, and 0.3 mg/cm³ for Ga. FXCT elucidated the 

Al3Zr primary particles at the center of the equiaxed grain and the heterogenous accumulation 
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Al13Fe4 at the grain boundaries. Additionally, we also observed a uniform concentration of 25 

mg/cm3 of nanoscale L12-Al3Zr equivalent to 0.9wt% aligning with the nominal alloy 

composition. Ga, used in the FIB milling process, turned out to be very valuable to identify the 

location of the grain boundaries. 

In chapter 5, the primary objective was to elucidate the influence of LPBF processing 

conditions on the formation and spatial distribution of Fe-rich and Zr-rich intermetallics within 

prior melt pools and the effect of heat treatment. Three specific conditions (C1, C2, and C3) 

were selected for comparative analysis to investigate how the microstructure responds to 

varying LPBF processing parameters. The Al-1Fe-1Zr alloy powder was also analyzed to 

understand the microstructure in its original state. HXCT imaging of a powder particle revealed 

a cellular structure of bright intermetallic phases embedded within the Al matrix, indicative of 

rapid solidification features formed during gas atomization. Total mass density observed in the 

HXCT slices were 2.6 g/cm3. FXCT showed that the cellular structure predominantly consists 

of Fe-rich intermetallics, likely θ-Al13Fe4, following an eutectic reaction during solidification, 

with a measured volume fraction of 0.33% (1.02wt%). Zr, in contrast, was homogeneously 

distributed in the volume with uniform concentrations of ~28 mg/cm³, corresponding to 

1.03wt% and aligning with the nominal alloy composition. As part of this study, an optimized 

sample preparation workflow was established to ensure reliable and targeted high-resolution 

characterization. This workflow combined mechanical polishing, optical microscopy, and FIB 

milling, enabling precise localization and extraction of sub-samples from specific regions 

within the melt pool architecture. This approach was essential for accessing well-defined areas 

of interest and ensuring the suitability of the extracted samples for subsequent analysis using 

advanced high-resolution X-ray characterization techniques. Variations in LPBF processing 

significantly influenced microstructural formation, particularly through laser scanning speed, 

energy density, and laser mode. CW laser scanning at moderate speeds resulted in stable melt 

pools with a balanced width-to-depth ratio and well-defined columnar grain structures (C1). 

Higher scanning speeds (C2) produced shallower melt pools due to reduced thermal 

penetration, while the use of higher energy density and PWM (C3) created deeper melt pools 

and disrupted columnar grain growth at the center. FXCT results for the C1 center and bottom 

samples revealed uniform background concentrations of Fe (~15.5 mg/cm3, ~0.56 wt%) and 

Zr (~26 mg/cm3, ~0.96 wt%) throughout the volume. In comparison, the C3 center sample 

showed slightly elevated background concentrations, with Fe at ~17 mg/cm3 (~0.65 wt%) and 

Zr at ~30 mg/cm3 (~1 wt%). These concentrations are compatible with the presence of Fe and 
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Zr in their respective nanoscale metastable phases, Al6Fe and L12–Al3Zr. Fe depletion at the 

melt pool boundary was observed in C1 (bottom sample). Heat treatment influenced 

intermetallic transformations, where Al6Fe transformed into stable Al13Fe4 at grain boundaries, 

and nanoscale L12-Al3Zr evolved into the more stable D023-Al3Zr phase at grain boundaries. 

In chapter 6, the effects of heat treatments on the coarsening behaviour of intermetallics were 

investigated, specifically targeting the growth of Fe- and Zr-rich nano-precipitates to 

dimensions resolvable using synchrotron-based imaging. A multi-layer build sample was 

studied in the as-built state, after heat treatment at 400°C for 4 h, and following overaging at 

530°C for 24 h. In the as-built condition, melt pool boundaries were distinctly visible, 

characterized by Fe depletion. Upon heat treatment, these boundaries remained largely 

unchanged at 400°C, but overaging at 530°C facilitated microstructural homogenization, 

strongly reducing contrast at the melt pool boundaries. Cellular intermetallic phases adjacent 

to the melt pool boundaries, likely corresponding to stable θ-Al13Fe4, coarsened during heat 

treatment and subsequent overaging. Thermal treatments significantly influenced the 

hierarchical microstructure, where Ostwald ripening promoted the coarsening of intermetallics 

at grain boundaries. Our observations are compatible with a transformation of metastable Al6Fe 

into Al13Fe4 and L12-Al3Zr into D023-Al3Zr, indicating thermodynamically driven phase 

stability changes. The high-resolution FXCT experiment, performed at a voxel size of (36 nm)³, 

represents the first of its kind to enable 3D quantification of nanoscale intermetallics at this 

resolution. It allowed precise characterization of the Zr-rich particles, which were 

predominantly observed in the size range of 60-100 nm. Zr-rich intermetallics were 

significantly more abundant than Fe-rich ones, with total measured volumes of 24.2 μm³ and 

0.78 μm³, corresponding to volume fractions of 0.95% (0.5 wt%) and 0.03% (0.008 wt%) for 

Zr- and Fe-rich nanoscale intermetallics, respectively. This is indicative that half of Zr and only 

a very small fraction of Fe from the nominal alloy composition exist at this scale. 

This thesis provides a comprehensive study of the spatial distribution, morphology, and 

chemistry of microstructural features in the Al-1Fe-1Zr alloy. The findings have significant 

implications for both academic and industrial research, particularly within the scope of the 

InnovaXN doctoral program, which integrates large-scale research infrastructures with 

industrial R&D needs. By addressing key challenges in materials characterization and 

experimental efficiency, this work could contribute to the development of advanced materials 

and the optimization of AM processes, paving the way for improved process control and 

enhanced material performance in various applications. 
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8 Outlook 

 
The following studies could be considered as outlook of the current work: 

 While current 3D reconstructions account for many factors for good quality 
reconstruction, the possibilities for further improving the reconstructions are available. 
In particular, novel iterative algorithms for NFPXCT could enhance phase information 
extraction, improving both quality and efficiency. Such possibilities could be explored. 

 
 Recent advancements such as probe retrieval in HXCT offer a more accurate alternative 

to conventional flat-field correction, reducing artefacts and improving reconstruction 
quality [216]. Integrating such methods can further enhance imaging fidelity in future 
studies. 

 
 The inferred precipitation behaviour, non-equilibrium solidification, and associated 

phase transformations (as drawn from the literature) could be validated through X-ray 
diffraction experiments. 

 
 Scanning-diffraction tomography could be used to show the grain solidification 

direction and orientation, providing complementary insights into the Ga-induced grain 
boundary wetting mechanism. 

 
 Given that LPBF produces complex geometries - with multiple heat-affected zones, re-

melting events, and other influencing factors - further investigation into the 
microstructure–property relationships in these parts could be interesting. 

 
 The characterization approaches demonstrated in this work are broadly applicable to 

other alloys developed or under development for additive manufacturing applications. 
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