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Abstract

The production of metallic glasses presents an opportunity for advancing materials science
and engineering applications, offering a unique combination of mechanical characteristics that
traditional materials struggle to achieve. Conventional materials often exhibit a trade-off
between strength and toughness, but metallic glasses, with their non-crystalline structure, offer
a promising solution to this challenge.

Despite their potential, widespread adoption of metallic glasses has been impeded by
challenges in the production of these materials. Achieving the necessary cooling rates for
amorphization is a demanding task, as they are limited by the time-dependent process of heat
transfer, which in turn limit the dimensions of the final product. However, these limitations can
be overcome through the production of powder and their subsequent consolidation. In this
sense, centrifugal atomization emerges as a promising technique for the production of metallic
glasses. By subjecting molten metal to high centrifugal forces, this technique enables the
generation of fine spherical droplets with cooling rates in the order of 102 to 10° K/s, promoting
the formation of the desired non-crystalline structure.

This doctoral thesis focuses on characterizing the centrifugal atomization equipment
designed at the Fundacio EURECAT, with the primary objective of enhancing the cooling rates of
atomized particles for metallic glass powder production. To carry out this comprehensive study,
a complete theoretical and experimental research of the centrifugal atomization process is
required. Theoretical efforts involve refining numerical models to understand the thermal
behavior of atomized particles, significantly advancing our comprehension of cooling kinetics in
this process of atomization. These models are validated through experimental methods to
determine their applicability range, ensuring their utility in future investigations. On the
experimental front, a systematic study is conducted on the effects of disk rotation speed, melt
superheat temperature, and gas composition on the cooling rate of Al-Cu alloys and Al-based
metallic glass forming alloys. Furthermore, additional techniques are explored, such as
introducing an external gas source into the conventional centrifugal atomization process to
investigate the impact of gas flow on the cooling rate of atomized Cu powder.

With the optimal adjustment of the atomization parameters, such as gas composition and
disk speed, cooling rates of up to 10° K/s are achieved, with amorphous fractions of around 70%
for particles smaller than 45 um, and up to 50% in fractions of up to 125 um in the Al-based
metallic glass forming alloy of composition AlgsNigYsslais. The findings demonstrate that the
centrifugal atomization process is well-suited for producing metallic glass powder tailored to
meet the requirements of various industrial applications.

By conducting this study, this thesis lays the groundwork for the advancement of metallic
glass powder production via centrifugal atomization. Future perspectives include further
exploration in other alloy systems, such Fe-based glass forming alloys, making use of the
acquired knowledge to continue improving production processes and expanding the application
possibilities of these innovative materials across various industries.



Resumen

La produccion de vidrios metalicos presenta una oportunidad en el avance de ciencia e
ingenieria de materiales, ya que estos materiales presentan una combinacién unica de
caracteristicas mecanicas con respecto a los materiales tradicionales. Los materiales
convencionales a menudo muestran un compromiso entre su resistencia y tenacidad, pero los
vidrios metadlicos, con su estructura no cristalina, ofrecen una solucién prometedora a este
obstaculo.

A pesar de su potencial, la adopcién generalizada de vidrios metalicos ha sido limitada por
los desafios técnicos en la produccién de estos materiales. Lograr las tasas de enfriamiento
necesarias para la amorfizacion es una tarea exigente, ya que estas dependen del tiempo de
transferencia de calor, que a su vez limita las dimensiones del producto final. Sin embargo, estos
obstaculos pueden superarse mediante la produccion de polvo para su posterior consolidacion.
En este sentido, la atomizacion centrifuga emerge como una técnica prometedora para la
produccion de vidrios metdlicos. Al someter el metal fundido a altas fuerzas centrifugas, esta
técnica permite la generacién de gotas esféricas finas con tasas de enfriamiento del orden de
102 a 10° K/s, promoviendo la formacion de la estructura no cristalina deseada.

Esta tesis doctoral se centra en caracterizar el equipo de atomizacién centrifuga disefiado en
la Fundacio EURECAT, con el objetivo principal de mejorar las tasas de enfriamiento de las
particulas atomizadas para la produccion de polvo de vidrio metdlico. Para llevar a cabo este
estudio se requiere una investigacidon exhaustiva tanto tedrica como experimental del proceso
de atomizacién centrifuga. En el dmbito tedrico, se perfeccionan modelos numéricos con el fin
de comprender el comportamiento térmico de las particulas atomizadas, lo que supone un
avance significativo en la comprensién de la cinética de enfriamiento en este proceso de
atomizacién. Estos modelos se validan con métodos experimentales para determinar su rango
de aplicabilidad, garantizando asi su utilidad en futuras investigaciones. A nivel experimental, se
lleva a cabo un estudio sistematico de los efectos de la velocidad de rotaciéon del disco, la
temperatura de sobrecalentamiento del metal fundido y la composicién del gas en la tasa de
enfriamiento de las aleaciones de Al-Cu y las aleaciones en base a aluminio formadoras de vidrio
metdlico. Ademas, se exploran técnicas adicionales, como la introduccion de una fuente de gas
externa en el proceso convencional de atomizacidn centrifuga, para investigar el impacto del
flujo de gas en la tasa de enfriamiento del polvo de cobre atomizado.

Con el ajuste optimo de los parametros de atomizacién, como la composicién del gas y la
velocidad del disco, se logran alcanzar tasas de enfriamiento de hasta 10° K/s, con fracciones
amorfas de alrededor del 70% para particulas de tamafio inferior a 45 um, y hasta un 50% en
fracciones de hasta 125 um con una aleacion de aluminio formadores de vidrio metdlico de
composicion AlgsNisYsslas. Estos resultados muestran que el proceso de atomizacidn centrifuga
es adecuado para producir polvo de vidrio metalico disefado para satisfacer las exigencias de
varias aplicaciones industriales.

Al realizar este estudio exhaustivo, sienta las bases en el avance de produccion de vidrio metalico
mediante atomizacion centrifuga. Las perspectivas futuras incluyen una exploracién con otros
sistemas de aleaciones, como las aleaciones en base de hierro formadoras de vidrio metalico.
aprovechando los conocimientos adquiridos para seguir mejorando los procesos de produccion
y ampliando las posibilidades de aplicacion de estos materiales innovadores en la industria.
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CHAPTER 1

Introduction

1.1 Background and Motivation

In our daily lives, we encounter a diverse array of products made from various materials,
each tailored to specific applications and requiring distinct material properties. The modern
design and selection of high-performance structural engineering materials are guided by an
intricate relationship of mechanical characteristics, encompassing strength, ductility, toughness,
and elasticity, alongside the imperative need for predictable failure modes [1].

Finding a balance between strength and toughness poses a formidable challenge, as these
attributes traditionally exhibit a trade-off. Ductile crystalline materials such as low carbon steels
may boast high fracture toughness but often at the expense of a relatively lower yield strength,
whereas ceramics typically exhibit higher strength but lower fracture toughness [2]. In this sense,
metallic glasses enter as an integration of material classes. Unlike their crystalline counterparts,
metallic glasses lack a regular atomic structure, granting them a unique fusion of characteristics
found in both brittle and tough materials. These characteristics also include elevated hardness,
wear resistance, and corrosion resistance, positioning metallic glasses as promising materials
with a significant technological interest [3].

While metallic glasses have gained interest for their unique properties, their commercial
adoption has been impeded by challenges in scaling up production [4]. Despite substantial
research efforts aimed at enhancing our understanding of metallic glasses, significant knowledge
gaps persist, indicating that widespread adoption may still be several years away [4].
Nonetheless, to date, Fe-based metallic glasses have found a niche in the market due to their
soft magnetic properties [5,6], and the potential of metallic glasses to emerge as a disruptive
technology, potentially supplanting traditional materials, and machining methods, continues to
make them a promising material [4].

The primary challenge associated with metallic glasses lies in their production, as they are
not easy to fabricate. Metallic glasses are materials with a disordered atomic structure [7].
Consequently, their production requires rapid cooling, which is essential to surpass the
crystallization temperature. Only through rapid solidification can the atoms "freeze" into
irregular patterns, resembling liquids, rather than the regular patterns found in conventional
metals. Therefore, techniques like melt spinning or copper mold casting have been employed for
their ability to facilitate rapid rates of solidification [8]. However, a notable limitation for certain
alloys lies in the size of the final product since a high cooling rate in bulk is difficult to achieve
[9]. These geometric limitations can be overcome through alternative production routes, such as
the combined application of powder production and consolidation methods [10].

Gas atomization and water atomization has proven successful in the production of Al-based
and Fe-based metallic glasses powder [10-20]. However, these techniques often yield irregular
droplet formations, an abundance of satellite particles, and powder agglomeration, presenting
limitations for the powder consolidation process [21]. In this sense, single fluid atomization



techniques such as centrifugal atomization become more appealing as it has demonstrated
numerous advantages, including a relatively small particle size range, spherical shapes, free-
satellite particles, cost-effectiveness, and high yield [22].

The centrifugal atomization process involves dispersing molten metal using centrifugal forces
generated by a high-speed rotating disk that finally solidify in the form of powder. This technique
is commonly employed in the production of powders from typical materials like Sn, Al, Mg, Zn,
Cu, and their corresponding alloys [23]. Generating liquid droplets across a broad size spectrum,
this process undergoes high cooling rates ranging from 103 to 10° K/s, with the values varying
based on droplet size and influenced by the specific surface area of the droplets [24]. The
significant rapid solidification rates of the droplets make centrifugal atomization a promising
route for the synthesis of amorphous material. Remarkably, to date, there is no literature
available concerning the production of glass-forming alloys using centrifugal atomization. Given
the significant advantages offered by this technique for producing metallic powders and the lack
of prior research in this field, it is imperative to thoroughly investigate, study, and refine the
centrifugal atomization process for the production of amorphous metal powders. Therefore, this
PhD delves into the science and technology of centrifugal-atomized glass-forming alloys, with a
particular focus on the solidification processes that influence the potential production of Al
based amorphous powders, as the production of metallic glasses can be facilitated not only by
the process but also by the alloy composition chosen for production.

The selection of alloy composition plays a pivotal role in the formation of metallic glasses,
often referred to as glass-forming alloys. For instance, the process of glass formation is facilitated
by increasing the number of components in the alloy system. Additionally, the presence of
significant atomic size differences among these components further promotes the formation of
metallic glasses [25]. In this regard, the existing literature shows plenty of compositions capable
of producing metallic glasses. The initial glass former compositions, developed in the 1970s,
relied on highly expensive elements such as Pd, Pt, and Au [26—28]. However, contemporary
compositions use more common and cost-effective elements such as Cu, Mg, Al, Ni, Fe, Zr,among
others [26,27,29-33]. This shift has enabled the commercialization of metallic glasses, making
them more accessible for various applications.

Within the scope of powder production, most of the research efforts have been
predominantly conducted on Al-based, Zr-based, and Fe-based alloy systems [34—-36]. Among
these, Al-based metallic glasses have significant desirable attributes like high specific strength,
good ductility, and effective corrosion resistance [36,37]. However, the production of
amorphous metal powders presents several challenges due to their low glass-forming ability
(GFA) compared to other metallic glasses [37]. Nonetheless, ternary compositions comprising
AL-RE-TM (RE = Rare Earth, TM = Transition Metal), designed strategically, have proven to be
good formers of Al-based metallic glasses, while possessing the advantageous properties sought
after the aluminum amorphous alloys [36].

In the realm of centrifugal atomization, aluminum alloys are commonly atomized with this
technique, and is known to be a well-established and straightforward atomization process
[24,38,39]. The typically low melting temperature of these alloys provides an advantage by
ensuring stable contact with the rotating disk, thereby minimizing instabilities in the atomization
process. Taking this into account, Al-based metallic glasses were selected for this PhD thesis.

Within the context outlined above, the start of this PhD thesis arose to address the identified
challenges. This research pursuits to enhance the production of Al-based metallic glasses



through centrifugal atomization, thereby paving the way for a novel technique in metallic glass
powder production. The goal is to introduce a method that yields metallic glasses with the
desired properties sought after by the powder metallurgy industry and other emerging
consolidation technologies.

1.2 Aims of the study

The primary objective of this PhD thesis is to broaden the production scope of metallic
glasses by incorporating the centrifugal atomization technique. This requires a thorough
exploration, incorporating both theoretical and experimental aspects into the centrifugal
atomization process, encompassing various elements such as the mechanisms of melt
disintegration and droplet formation, fundamentals of atomization disk operation, and thermal
transport within the atomized droplets. The focus lies on investigating the influence of various
operating parameters, particularly emphasizing the understanding of the centrifugal atomization
process to identifying strategies to enhance cooling rates. Therefore, the central research
guestion formulated for this PhD thesis is:

Can the centrifugal atomization process achieve the required cooling rates to
produce metallic glasses powder?

To address this question and achieve the primary research objective, the following specific
objectives were defined:

Specific objectives

1. To experiment with a hybrid atomization strategy aimed at increasing cooling
rates and achieving finer particle sizes. This entails designing a hybrid system to
incorporate into the traditional centrifugal atomization system. Subsequently, the
selected composition is atomized, followed by a thorough study of the results in terms
of cooling rate.

2. To develop and refine a numerical model for the solidification of droplets in
centrifugally atomized powder. Establishing a validated numerical model is crucial for
providing a benchmark for all experimental findings and validating results. It is
anticipated that a model will be developed to suit the centrifugal atomization process,
supported by experimental findings for validation.

3. To experiment with different atomization parameter configurations, aiming to
identify the ones that significantly boost the increase of cooling rate values in the
atomized particles.

4. To centrifugally atomize Al-based glass-forming alloys under various parameter
conditions. The objective is to illustrate the proportion of amorphous powder obtained

under various atomization conditions and establish the optimal parameters for achieving
this powder.



1.3 Scope of the research

This thesis primarily focuses on characterizing the centrifugal atomizer developed at
Fundacié EURECAT, patent number W02020254365A1, for the production of metallic glasses
powder. The applications and the detailed analysis of the properties of the produced powders
are beyond the scope of this thesis, which focuses solely on the production aspect. The study
encompasses metals such as copper, the Al-Cu alloy system, and Al-based glass-forming alloy
systems. Other metal alloys are not included in the investigation. However, the findings obtained
from this research could potentially be extrapolated to other materials and to other centrifugal
atomizer equipment sharing similar characteristics.

1.4 Thesis structure

This thesis is the culmination of a collaborative effort between the Escola Politécnica Superior
d'Enginyeria de Manresa (EPSEM) of the Polytechnic University of Catalonia and Fundacio
EURECAT. This collaboration was made possible through funding provided by the Pla de doctorats
industrials per la Agéncia de Gestié d’Ajuts Universitaris i de Recerca of the Generalitat de
Catalunya, under file number 2019 DI-19. The project is titled: “Fabricacion de metal en polvo a
través de atomizacion centrifuga e hibrida de metales amorfos". The thesis is presented as a
compendium of papers published in recognized international journals in the field of metallic
materials. This approach leads to a structured thesis outlined as follows:

Chapter 1 encompasses the general introductory aspects of the thesis, providing an overview
of the general framework and that of the case study. It delves into the principal research
motivation, describing the main objectives of the study.

Chapter 2 serves to provide the reader with a comprehensive understanding of the current
state of the art in the field. Through an extensive review of relevant literature, this chapter
situates the reader within the historical previous studies that have laid the groundwork for the
present thesis. By examining past research, key concepts, and significant advancements, chapter
2 offers valuable context and insight into the evolution of ideas and methodologies leading up
to the research presented in this thesis.

In Chapter 3, a thorough explanation is provided regarding the experimental design of each
experiment conducted for every paper included in this thesis. This chapter aims to clarify details
that may not be explicitly outlined in the papers, thereby offering additional information to the
experimental procedures. Care is taken to avoid redundancy by minimizing repetition of
information already present in the papers, ensuring that this chapter serves as a comprehensive
companion to the research presented.

Chapter 4 presents the results in the format of the three following published papers:

PAPER I. Cegarra, S. A.; Pijuan, J.; Hernandez, R.; Riera, M.D. Effect of processing parameters
on copper powder produced by novel hybrid atomisation technique, Powder Metallurgy. 2020,
63:2, 142-148. https://doi.org/10.1080/00325899.2020.1724431. The influence of operating
parameters in a novel centrifugal atomization process are investigated. The effects of gas flow



https://doi.org/10.1080/00325899.2020.1724431

rate and rotational speed on the median particle size, microstructure, and cooling rate of pure
copper powder produced using the hybrid atomization system are presented in the results.

PAPER Il. Cegarra, S.A.; Pijuan, J.; Riera, M.D. Cooling Rate Modeling and Evaluation during
Centrifugal Atomization Process. J. Manuf. Mater. Process. 2023, 7, 112.
https://doi.org/10.3390/immp7030112. A comprehensive mathematical model to describe the
thermal behavior of centrifugally atomized Al-4% Cu particles is developed. Valuable insights into
heat transfer phenomena in the centrifugal atomization process are provided by this model,
contributing to a deeper understanding of the cooling kinetics of molten metal droplets.

PAPER Ill. Pijuan, J.; Cegarra, S.A.; Dosta, S.; Albaladejo-Fuentes, V.; Riera, M.D. Centrifugal
Atomization of Glass-Forming Alloy AI86Ni8Y4.5Lal.5. Materials 2022, 15, 8159.
https://doi.org/10.3390/ma15228159. The possibility of producing metallic glass alloy powders
through centrifugal atomization is explored. The glass formation ability of the AlgsNisYssLas s alloy
is analyzed, and the cooling capabilities of the process are investigated in the study.

In Chapter 5, a comprehensive analysis is provided, encompassing both general and specific
conclusions drawn from the collective body of work, synthesizing key findings and insights.
Additionally, the chapter offers future perspectives for advancing research in this field, resulting
from the groundwork laid out in this PhD thesis. Through a complete examination of the research
outcomes, Chapter 5 seeks to provide a cohesive narrative that underscores the significance and
implications of the study's findings.
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CHAPTER 2

Literature Review

2.1 Metallic glasses

A glass material takes shape as a cooled liquid gradually solidifies without the formation of
crystalline structures [7]. It is widely acknowledged that glasses can originate from materials with
a range of bonding types, including covalent, ionic, metallic, Van der Waals, and hydrogen bonds
[11]. While crystalline solids represent the stable state of matter at low temperatures, their
formation involves the nucleation and growth of a new phase, processes that unfold over time,
and are controlled by diffusion [40]. If the cooling rate is sufficiently rapid compared to the
kinetics of crystallization, the liquid phase can be cooled without crystallization, leading to the
formation of an amorphous atomic structure without discernible patterns [8].

The ability to form glasses hinges not only on cooling rates but also on other crucial factors.
A selection of these factors will be briefly defined, with an emphasis on the formation of glass
from the liquid state. It's worth mentioning that this PhD thesis does not cover all the methods
for designing, processing, and consolidating metallic glasses (Ref. [25] gives very interesting
additional details).

2.1.1 The concepts of metallic glasses

An undercooled liquid is one that successfully descends below its melting point T,, without
undergoing crystallization. The extent of undercooling attained depends on various factors,
which encompass the applied cooling rate or the removal of heterogenous nucleating sites [8].

Within a glass-forming metallic alloy, the liquid can undergo significant undercooling. As the
temperature decreases, the viscosity of the liquid steadily rises, causing the constituent
molecules to move at increasingly sluggish rates. When the temperature reaches a critical point,
these molecules move so slowly that they lack the opportunity to undergo significant
rearrangement before further cooling occurs [41]. At this juncture, the material's structure
effectively becomes "frozen," and it is commonly referred to as an amorphous solid or glass. The
specific temperature at which the viscosity reaches a critical high value, approximately 10%? Pa-s
such that the liquid effectively "freezes in" is denoted as the glass transition temperature T, [25].

The glass transition is intrinsically a kinetic phenomenon. Tg and the resultant glass structure
exhibit a dependency on the cooling rate and are not constants inherent to the material. As
illustrated in Figure 1, the T, value increases as the alloy is rapidly solidified from the liquid state,
highlighting the significant influence of cooling rates on this critical parameter. Furthermore, Ty
manifests as a shift in heat capacity without any associated latent heat of fusion. This
phenomenon characterizes a second-order transition, which is not a phase change but a kinetic
event which depend upon the crossing of an experimental time scale and the time scales for
molecular rearrangements [42]. Alterations in the specific heat and viscosity indicate that



metallic glasses often undergo a reversible glass-liquid transition at Ty. This suggests a close
connection between the atomic arrangement of the glass and that of the liquid state [8].
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Figure 1. Schematic representation on the variation of specific volume with temperature for a
crystalline and a glass-forming material, adapted from Suryanarayana et al. [8].

Metallic glasses are metastable in two respects: first, different cooling rates applied to the
same alloy result in distinct glassy states with varying T, values; second, at any given
temperature, given enough time, the glass will relax and transition into the crystalline state [42].
However, considering that metallic glasses, formed through rapid quenching, exhibit glass
transitions well above room temperature, they can be regarded as thermodynamically stable at
room temperature. Consequently, thermodynamic principles applicable to equilibrium systems
can be applied in these situations as well [43].

2.1.2 Glass forming ability

Most of the research focused on predicting glass-forming ability (GFA) relies on the classical
nucleation and growth theory, which offer valuable insights [40]. This theory revolves around the
idea that crystallization and amorphous formation are competing processes, determined by the
relative thermodynamic and kinetic stabilities of the liquid phase and the resultant crystalline
phases.

The homogeneous nucleation rate, /, and the growth rate, U, of a crystalline phase formed
from an undercooled liquid can be expressed by means of Equation (1) and (2), according to
Cheng et al. [44]:
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where n is the viscosity at the temperature T, f is the fraction of nucleation sites at the growth
interface, a is a factor that depends on the atomic arrangement at the interface and has a value
close to 1, ASyis the change in entropy per mole due to melting, R corresponds to the universal
gas constant and Tj; is the liquidus temperature.

The GFA of the alloy directly correlates with n, S, and T/(Tii; — T). In the case of alloys primarily
composed of metallic elements, it is worth noting that Sy remains relatively consistent across
various alloys [44], allowing to treat it as a constant for the sake of simplicity. Consequently, the
key parameters governing the GFA of an alloy can be simplified to n, the kinetic factor that
increases with decreased temperatures, and T/(T;; — T), influencing the thermodynamic factor
which increases by decreasing temperature [45]. The shear viscosity n in glass-forming alloys
undergoes a substantial change, typically changing around 15 orders of magnitude as the
temperature decreases from elevated levels to the glass transition temperature [46].

The classical nucleation theory is widely used to describe this phenomenon, though it is well
known that considerable discrepancies exist with experimental results [47]. Nonetheless, it
provides a simplistic description of the complex process of nucleation in metallic glass forming
from liquid state. Nucleation rate varies within many orders of magnitude between the liquidus
temperature and the glass transition temperature, and the classical nucleation theory does
capture the essential features of this temperature dependence.

Figure 2 illustrates a schematic representation of plotting Eq. 1 and 2 for a hypothetical alloy. It
becomes evident that the maximum growth kinetics rate generally occurs at higher
temperatures, whereas nucleation is favoured at lower temperatures. The formation of a glass
can occur when there exists a temperature range in which nucleation and growth rates do not
overlap. Even if some nuclei are present, but no growth has occurred, the solid is, for all practical
purposes, still a glass.

By knowing /, U at various temperatures, according to Suryanarayana [25] , it is possible to
calculate the fraction of transformed phase X in a time t by means of equation (3):

X = §n1U3t4 (3)

A solid is considered a glass only when the volume fraction of crystal nuclei formed is below
the detection level, typically taken as 10°[25]. Knowing these values, it is possible to measure
the time it will take to form a nucleus to finally obtained the value of the Critical Cooling Rate R.,
which is the most important criterion to achieve glass formation.
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Figure 2. Schematic representation of nucleation and growth rates: (a) overlapping leading to
crystallization; (b) non-overlapping facilitating the glass formation, adapted from
Steenberge [48] .

A time-temperature-transformation (T-T-T) diagram (Figure 3) provides the quantification for
crystallization under isothermal conditions, and it is known to be the best way to experimentally
determine R.. These curves have been thoroughly examined in previous discussions by Uhlmann
and his co-workers [49-53]. These T-T-T diagrams serve as a tool to estimate the temperature-
dependent initiation time of crystallization, aiding in the prediction of critical cooling rates, and
they help in assessing the necessary processing time for shaping or consolidating glass-forming
alloys [54]. The shape of the T-T-T curve, as well as the temperature and time at the nose, are
determined by the interplay between two opposing factors: the growing impetus for nucleation
due to greater undercooling and the declining atomic mobility caused by lowering the
temperature [53].
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Figure 3. Schematic time-temperature-transformation (T-T-T) diagram for a hypothetical alloy
system quenching from the melt, adapted from [19].

According to Figure 3 a liquid can follow one of two solidification paths: when it traces the
solidification path represented by curve 1, it passes through the crystallization nose, indicating
that it is solidifying under equilibrium conditions. This process takes a considerable amount of
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time, leading to the formation of a crystalline solid. In contrast, if the liquid adheres to the
solidification path depicted by curve 2, the solidification rate is faster. As a result, it avoids the
crystallization nose, resulting in the formation of a glassy solid. The temperature T, at the tip of
the nose corresponds to the critical temperature at a specific time t., which is the point at which
glass formation becomes possible.

Additionally, as the crystalline nose depicted in the curves shifts to the right, the undercooled
liguid becomes increasingly stable [55]. Consequently, the required cooling rates for producing
a metallic glass decrease. Taking into consideration both thermodynamic and kinetic aspects, the
required cooling rates to form a metallic glass can be reduced from 10° K/s to even 10 K/s [33,56],
allowing the synthesis of metallic glasses with a thickness of up to 30 mm [57], commonly known
as “bulk metallic glasses”.

2.1.3 Metallic glass formation criteria

Since the first-time metallic glasses were successfully made with cooling rates exceeding 10°
K/s [58], there has been notable advancement in the exploration of novel alloy systems with
strong glass forming ability. However, the process of designing new compositions of metallic
glasses is laborious, slow, and expensive process, which limits the ability of using the exceptional
properties these materials can offer.

In addition to the critical cooling rate R. mentioned earlier, which is widely regarded as one
of the most crucial criteria for assessing the glass-forming ability of alloys, it's worth noting that
other empirical criteria have been proposed and are worth mentioning.

e Turnbull’s theory [59], grounded in the dynamics of crystal nucleation and the
viscosity of molten alloys, proposes that the ratio of an alloy's glass transition
temperature T, to its liquidus temperature Tj; can offer insight into its GFA. In practical
terms, a higher T,/Tj, ratio indicates increased viscosity in the alloy's molten state,
making it more conducive to solidifying into a glassy structure even with a lower g This
temperature ratio, known as the reduced glass transition temperature T, is a key
parameter. According to nucleation theory, it has been proposed that when T, reaches
approximately 2/3, the occurrence of homogeneous nucleation for the crystalline phase
is completely inhibited [60].

e Additionally, a strong GFA is associated with a decrease in the liquidus
temperature Tjg [19], a phenomenon referred to as "deep eutectics", which is a system
in which the eutectic temperature is significantly lower than the melting points of the
individual components. This characteristic is frequently observed in alloys comprising
multiple components and the value of T, is a strong function of the alloy composition.
Therefore, the Turnbull criterion and deep eutectics converge at the deep eutectic
compositions [8].

e Experimental observations of various glass-forming compositions led to the
famously known as Inoue’s empirical rules which comprises [45]: i) multi-component
systems that consist of more than three components are favorable for glass formation,
typically characterized by equilibrium diagrams with deep eutectics or low liquidus
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temperatures; ii) a significant contrast in atomic sizes among the alloying elements plays
a vital role, influencing both structural and electronic factors in facilitating glass
formation; and iii) large negative values for the heat of mixing in the liquid phase, a factor
rooted in thermodynamics, favors the glass formation. Such a rules are useful as a
starting point to find elements that should be used to design a glass forming
composition; however, it gives no information about the proportion among the
elements.

Various criteria have been proposed in addition to these rules [8,25], but none offer universal
applicability. Despite all these models, there is consensus among the researchers that a unique
criterion to predict glass forming ability does not exist so far. Most of the presented criteria can
be applied for a particular system with relative success, however, failing to predict GFA in other
systems.
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2.2 Centrifugal atomization of glass-forming alloys

2.2.1 Centrifugal atomization process

The key feature of centrifugal atomization involves the breakdown of a liquid molten stream
under the influence of centrifugal forces generated by a rotating disk (Figure 4) [23].
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Figure 4. Schematic illustration of the centrifugal atomization process [61].

As the disk rotates, centrifugal forces cause the molten metal to spread radially outward from
the disk's center towards its edge, resulting in the formation of a liquid film on the disk's surface.
As the film thickness decreases moving away from the center, instability near the edge results in
wave or ripple formation, driven by the competition between outward spreading from
centrifugal force and inward surface tension forces [22,23]. Eventually, the film breaks into
droplets at the edge, which solidify in flight forming metal powder.

The melt disintegration process is influenced by the atomizing disk system, melt properties,
and the consistent delivery of the melt, as highlighted in previous studies [62—64]. Moreover, the
configuration of the atomizing disk not only shapes the droplet break-up process but also
influences cooling conditions [24,65]. The subsequent solidification of droplets relies on the
characteristics of the surrounding medium, where the gas acts as a heat-absorbing medium to
cool the melt droplets through convection and radiation [66]. Further discussion on these
aspects is presented in the following sections.
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2.2.2 Flow melt on a rotating disk and droplet formation

The cooling rate of melt droplets is primarily influenced by droplet size [65]. This discussion
covers the fundamental aspects of molten metal flow on a rotating disk, the formation of
droplets, and highlights significant empirical insights for predicting particle size.

Hinze and Milborn [67], conducted a comprehensive study on the atomization of water and
oils generated by rotating cups, incorporating a theoretical framework for the development of
the liquid film along the cup wall. Depending on the melt flow rate on the rotating cup, three
predominant modes of droplet formation were identified. Figure 5 shows a schematicillustration
of the primary modes observed during the centrifugal atomization process: direct droplet
formation, ligament disintegration and sheet/film disintegration [62,68].

(a) DDF (b) LD ° (c) FD

Figure 5. Schematic diagram showing the three regimes of centrifugal atomization: (a) direct
droplet formation; (b) ligament disintegration; and (c) film disintegration [68].

Increasing the liquid flow rate can facilitate the transition from one mode to another, given
the same liquid, disk diameter, and rotational speed. [69]. The direct droplet formation mode
takes place when the liquid feed rates and rotating speed are relatively small. During this mode,
the molten metal spreads outward on the disk's surface and breaks up into discrete droplets
directly off the disk. Continued increase in the flow rate, as the molten metal spreads on the
rotating flat disk, it undergoes thinning and stretching, resulting in the formation of ligaments
which further breaks into droplets. A higher melt flow rate will lead to the creation of a
continuous film or sheet that extends beyond the disk, displaying irregularities or disturbances
that break into droplets.

Champagne and Angers [62] investigated the atomization of aluminum (Al), copper (Cu), iron
(Fe), and zinc (Zn), proposing that the group X value serves as an indicator for the atomization
regime. Their work resulted in the development of a centrifugal atomization map for metallic
melts, shown in Figure 6.
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Figure 6. Modes of centrifugal atomization. FD: film disintegration, LD: ligament disintegration,
and DDF: direct droplet formation. Figure modified from [62].

The specific mode observed during the centrifugal atomization process directly impacts the
size of the atomized droplets [70]. Over the past five decades, numerous correlations have been
proposed to predict the droplet size produced by a rotating disk associated with different break
up regimes.

The following studies have been carried out on the ligament formation regime: Eisenklam
[71] found that the disintegration of ligaments was attributed to the growth of waves.
Subsequently, they derived an equation for the wavelength of ligaments based on the
experimental data [72]. Boize and Dombrowski [73] explored the impact of viscosity on the
atomization characteristics of a spinning disk. Their conclusion highlighted that the droplet size
is effectively regulated by disk speed alone, irrespective of flow rate and viscosity. Frost [74]
investigated the phenomenon of ligament formation induced by a rapidly rotating flat disk,
establishing criteria for ligament occurrence, and developing an expression to predict drop size.
In 1982, Kawase and De [75] examined the correlations governing the generation of ligaments
by a spinning disk, providing an expression for the number of ligaments formed by both
Newtonian and non-Newtonian fluids on a spinning disk. Ahmed and Youssef [69] explained the
disintegration modes and their transitional behavior, observing that drop and sheet modes
exhibit instability, while the ligament mode represents an almost quasi-stable state of
atomization. In more recent research, Wang et al. [76] experimentally investigated the ligament
formation breakup process. They introduced models for ligament numbers, the tail end diameter
of ligaments, and the mean diameter of droplets. Their findings indicated that the tail end
diameter of ligaments and the size of droplets decrease with increasing rotational speed, while
the flow rate has a relatively smaller impact.

Regarding the sheet formation regime Fraser et al. [72] explored the flow characteristics of
sheets generated by spinning cups, identifying two primary mechanisms for sheet disintegration.
The first occurs at relatively low peripheral speeds and liquid flow rates, while the second occurs
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at higher peripheral speeds and liquid flow rates. Dombrowski and Lloyd, [77] investigated the
spreading of viscous liquids on a rotating vane, deriving a theoretical relationship for the film
profiles. Applying the theory of wave disintegration, Dombrowski and Johns [78] developed a
drop-size equation for calculating the diameter of drops produced from liquid sheets, which are
generated by a fan-spray nozzle. Kamiya and Kayano [79] formulated an equation for the
maximum drop diameter by conducting atomization experiments on film-type disintegration
using a rotating disk, with their investigation concentrating on film extension and the thickness
of the liquid film at the leading edge.

In the realm of direct drop formation, numerous studies have investigated the calculation of
droplet diameter through theoretical equations. In 1981, Champagne and Anger [62] proposed
the empirical Equation (4) to predict the median particle size from centrifugal atomization,
accounting for the effects of liquid flow rate:
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where dsp is the (mass based) median particle size (m), dkis the disk diameter (m), w is the
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Of particular interest is Liu's et al work [80], where they examined the mechanism of drop
formation in rotary cups using a high-speed camera. The three distinct disintegration formations
where identified that emerged with increasing angular speed while maintaining a constant flow
rate. The study also involved the development of theoretical equations for calculating the
diameter of liquid drops generated during both direct drop and ligament formation.

During direct drop formation, equilibrium is established when the centrifugal force F. and
the surface force F; are balanced [80]. The centrifugal force can be expressed using the following
equation [23]:

w?Rpnd?
Fe = - — (6)

On the other hand, the surface tension is expressed by the following expression [23]:

F, = nd6 7

By combining both forces, one arrives at the following expression that defines the average
particle diameter generated through centrifugal atomization [80]:
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where ris the disk radius (m). This simple expression proves inadequate for high metal feed rates,
where ligament and sheet formation become the dominant disintegration modes. Its limitation
lies from the omission of factors such as the intricate bulging film, aerodynamic forces, and
slippage on the atomizer itself, among others [23]. However, it is still used as it gives a good
indication of the importance of the major parameters.

Although numerous studies have been conducted on the topic, there is still a lack of
comprehensive understanding regarding the transition characteristics of droplet formation.
Furthermore, existing correlations vary among investigators and often lack consistency, which
can be attributed to variations in operating conditions, disc configurations, and the inherent
challenges associated with precise droplet size measurements [70]. Consequently, relying on
predicted droplet sizes obtained from these correlations may be inadequate, and the extended
recommendation is to measure the particle size distribution experimentally. In general terms, it
is safe to say that the resulting particle sizes generally conform to a lognormal distribution, with
smaller powder particles obtained through lower melt flow rates, higher rotation speeds of the
atomizer, and larger diameters of the atomization disk [22,81,82]. Centrifugally atomized
powders distribution curves typically have a standard deviation of 1.3-1.5 [81], which implies
achieving a yield within a limited particle size range [23].

2.2.3 Atomization disk

While various factors influence the resulting atomized powders, the atomizer disk stands as
the pivotal component in the centrifugal atomization process, and the quality of the resulting
powder depends strongly on the characteristics of the disk in terms of disk velocity, size, shape,
and material.

Rotating speed

Evidence from experiments indicates that elevating the rotational speed leads to a reduction
in droplet size [81,83-87]. Sungkhaphaitoon et al. investigated the impact of atomizing disk
speed on the median particle size, employing three equations from existing literature: the
theoretical equation by Li et al. [80], the empirical equation proposed by Champagne and Angers
[62], which considers liquid flow rate, and an empirical equation proposed by Shemyakina [81],
The three equations consistently depict a reduction in median particle size as the atomizing disk
speed increases. It is noteworthy to observe that Equation (8) by Liu, despite its simplicity,
effectively captures this refinement. As a result, authors commonly favor this equation as a
reliable estimate for predicting the median particle size to be achieved.

Figure 7 depicts the theoretically possible particle sizes at various rotation speeds for
different pure metals at their liquidus temperatures from Equation (8), revealing that higher
rotation speeds generally result in smaller particle sizes due to increased centrifugal forces, with
the material parameters of density and surface tension influencing this outcome. This trend
holds true even when applying different correlations found in the literature, as they exhibit an
inverse relationship with the angular velocity of the disk.
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Figure 7. (a) Theoretical particle size dependent on the rotation speed of various pure metals, for
a disk radius of 40 mm; and (b) square rooted surface tension to density ratio at the
melting point.

Typically, in prior investigations comparing theoretical and empirical equations for predicting
the median particle size in centrifugal atomization with experimental results, it is common to
observe that the experimental median particle size tends to be larger than the values predicted
by the models [61,86]. There are numerous explanations for this phenomenon, as the resultant
median particle size is influenced not only by the disk velocity but also by various factors that
are either not accounted for or cannot be fully considered by the models. These factors include
aspects such as the slippage of the melt, associated with the optimal wettability of the disk, as
well as the disk's shape, size, melt flow rate, among others, which will be further discussed in
the subsequent sections.

Disk atomizer configurations

Empirical and theoretical correlations aiming to predict the median particle size of the
resulting powder, within the various modes they are applied, typically rely on specific disk
configuration parameters. Consequently, these correlations are often tailored to a particular
setup and lack the flexibility to extrapolate to different configurations. While certain parameters
like disk speed or melt flow rate might be adjustable, one critical parameter that cannot be
changed in most of the formulations is the disk shape. Therefore, the impact of disk shape on
the resulting particles is often experimentally investigated.

The investigation of disk configuration has been investigated in numerous applications where
it becomes essential to atomize a liquid body and break it down into small, preferably uniform
droplets [82,88-90]. Different atomizers, including flat discs, vaned wheels, inverted bowls, and
cups, have been subjects of study over an extended period. In the context of centrifugal
atomization of metal powder, it is worth highlighting several significant studies.
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Osturk et al. [24,39,83] produced Sn, Al, Pb, Zn, and AA2014 by a novel water-cooled rotating
disk atomization and studied three disk configurations—flat, flat with fins, and cone with fins.
Figure 8 displays the various designs utilized in their study. They reported that the flat-type disc
exhibited a finer mean particle size and higher yield rate than the conical disc, attributed to
incomplete energy transfer on the inclined surface. Furthermore, using a flat disk geometry with
two fins resulted in fine particles size compared to configurations with four and six fins.

Figure 8. Disks with different configurations: (a) flat disk; (b) flat disk with fins; and (c) cone with
fins. Figure taken from [83].

Xie et al.[81] investigated different atomizing disk designs on tin atomization, using two types
of disk geometries—a flat disk and cups with wall slopes at angles of 45°, 67.5°, and 90°
degrees—each with an 80 mm diameter. They reported that under their experimental
conditions, using a cup instead of a flat disk resulted in a reduction of particle size by up to 25%
at higher speeds and 20% at lower speeds, with a discernible trend towards finer powder as the
cup wall angle increased to 67.5° relative to the horizontal. In a subsequent study in 2017 [85]
they replicated their earlier investigation, aiming to comprehensively analyze the particle size
distribution of powders produced through the rotation of cups. They observed that the median
particle size generated by the 45° cup closely resembled that produced by a flat disk across
various combinations of rotation speed and melt flow rate. In contrast, the 67.5° cup exhibited
superior performance under all conditions, yielding powder particles 40% to 60% smaller
compared to those produced by both the flat disk and the 45° cup.

In 2011, Plookphol et al. [86] examined the impact of disk shape and diameter on the
atomization of SAC305 lead-free solder powder, using cup-shaped and flat disk-shaped atomizer
configurations with diameters of 30, 40, and 50 mm respectively. They observed that SAC305
powder atomized with a cup-shaped atomizer is roughly 11% smaller in size than when using a
flat disk-shaped atomizer. Additionally, they noted a decrease in median size with the use of the
larger atomization disk but this was conditioned on an increase in rotating speed and melt feed
rate.



In line with the ongoing exploration of the impact of cup-shaped and flat disks on resulting
powder characteristics, Sunghapahitootn [91] conducted a study on zinc atomization in 2013.
The study encompassed both designs, with each having diameter sizes of 30 and 50 mm. It was
observed that the median particle size of zinc powders produced by both the flat disk and the
cup-shaped atomizers decreased with increasing atomizer disc size. When comparing results for
the same disc sizes, the cup-shaped disc yielded a smaller median particle size than that
produced by the flat disc. This finding aligns with results previously documented by Xie et at.
[81,85] and Plokphol et al. [86] mentioned in the previous paragraphs. Figure 9 illustrates the
disk designs employed in the studies focusing on flat disks and cup-shaped disks.

A\ 0=45°, 67.5°, 90° y
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Figure 9. Rotating atomizers with various configurations from different studies on flat disks and
cup-shaped disks: (a) cup shaped (top row) and flat disk shaped (bottom row) with the
diameter of 30, 40, and 50 mm (from right to left) taken from [86].,; (b) atomizer coupler
and typical discs used in [81]; and (c) atomizer discs: flat disc (left) and cup-shaped disc
(right) taken from [91].

It is noteworthy to highlight the study conducted by Mahmoud and Youssef [92]. They
investigated the impact of different configurations of rotating disks and cups on droplet size,
shown in Figure 10, with experiments consistently carried out at a rotating disk speed of 12,000
rpm using water as the atomization liquid. They compared measurements of Sauter mean
diameter and average droplet velocity for the studied cups and disks with those produced by a
standard flat disk atomizer. They did not observe significant differences among the various
configurations, suggesting a preference for using a flat rotating disk over more complex shapes
such as rotating disks or cups.
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Figure 10. Disks and cups with different configurations as follow: (a) regular flat disk, (b) disk
with serrated edge, (c) disk with different upper edge angles, (d) disk with different
lower edge angles, (e) cylindrical cup with different heights, and (f) conical cup with
varying cone angle and base diameter. Figure taken from [92].

Numerous studies have explored the impact of atomizer disk shape on mean particle size in
slag granulation. It is worth mentioning that these studies also arrive at a similar conclusion as
the studies mentioned above, indicating that the geometry of the disk does indeed impact the
resulting particle size. For further details, refer to references [93-96].

As can be seen, over time, various studies have delved into the influence of atomizer shape
and diameter on the resulting particle size, especially when comparing a flat disk with a cup-
shaped disk. However, these studies have yielded varying results. On the surface, a cup atomizer
appears to promote finer particle sizes by subjecting the liquid to a substantial force toward the
cup wall, leading to effective spreading of the liquid film and delaying film disintegration into
ligaments [85]. Yet, there seems to be an optimal wall angle for this phenomenon to occur, and
the observed differences in particle sizes may not be significant enough to justify the use of
complex disk designs [69]. Additionally, variations in results are often influenced by the specific
application and other parameters such as disk speed, disk material, or the type of liquid being
atomized. Isolating the effect of disk design from these multifaceted factors proves challenging.

Wettability and feed rate

As mentioned in the previous sections, with the development of various models to
characterize the disintegration of the melt on a rotating disk, it has become evident that, for an
ideal atomization, the film thickness and the radial and tangential velocity distribution of the
melt on the rotating disk play a crucial role [85]. To improve the spreadability of the melt, it is
essential for the disk to exhibit excellent wetting conditions, coupled with low heat capacity and
thermal conductivity [68].

Wettability is determined by the contact angle formed by the melt on the disk, and
simultaneously, this contact angle is influenced by the interfacial tensions at the boundary
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between the liquid, the disk, and the atmosphere [97]. When the melt completely wets the disk,
it spreads uniformly, and the flow exhibits axi-symmetry with a consistent film thickness
throughout its circumference. Conversely, if the melt fails to achieve full wetting on the disk, the
surface tension can surpass the centrifugal forces, leading to retraction from the disk surface. As
a consequence, the film begins to disintegrate before reaching the disk's edge [63].

The lack of complete wetting, along with a low superheating of the melt, can contribute to
the formation of a skull on the disk [98]. A skull refers to the amount of premature solidification
of the molten metal on the disk's surface [81]. This skull diminishes the effective radius of the
atomization disk, resulting in larger droplet sizes since atomization occurs at the edge of the skull
rather than the disk edge [68]. Additionally, the skull may detach from the atomization disk
during operation, posing a potential risk to the facility. Therefore, it is preferable to prevent the
formation of the skull in most cases.

To improve wettability, various coatings are commonly applied to the disk surface. Ideally,
the coating should exhibit corrosion resistance and serve as a thermal insulator to minimize the
solidification of molten metal on the surface of the rotating disk [38]. Moreover, the coating
should have strong bonding capabilities with the disk, high resistance to thermal shocks, and
relative inertness with respect to the atomized metal [63,68].

Angers et al. investigated the corrosion resistance of various coatings, including TiB2-based,
alumina, mullite, chromite, graded alumina, and graded partially stabilized zirconia (PSZ),
plasma-sprayed on 1020 steel rods against molten aluminum and magnesium [38]. Their results
showed that the disks coated with graded PSZ gave the best performance in terms of corrosion
resistance, thermal conductivity, and thermal insulation. Osborne et al. and Xie et al. [81,99]
have improved the wettability of stainless-steel atomization disks by applying a thin coating of
other metals, such as tantalum and tin, respectively. Similarly, optimal wetting can be attained
when the liquid metal comes into contact with a coating possessing a composition resembling
that of the molten metal [86]. Other authors have successfully used coatings such as graphite,
zirconia, and copper [39,65,100-102]. Overall, the decision on the type of coating to use will
largely depend on the characteristics of the melt being poured onto the disk.

Hydraulic Jump

Upon impact with the disk, the liquid metal stream experiences high centrifugal force,
causing it to flow radially with accelerating tangential and radial velocities. However, these
increases in radial velocity are not sustainable indefinitely, often leading to a hydraulic jump,
meaning that there is a sudden increase in the thickness of the liquid metal on the disk, often
accompanied by a reduction in radial velocity [103].

Zhao et al. [97] developed a mathematical model to predict both the occurrence and location
of the hydraulic jump. The model also addresses the associated changes in the height profile, as
well as the radial and tangential velocities of the liquid metal on the disk. According to their
model, the hydraulic jump for a flat disk occurs at a radius approximated by:
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where p is the specific density, u is the viscosity, Q is the volume flow rate of the melt and w
is the rotation speed of the disk. The schematic representation of the liquid profile is depicted in
Figure 11. As illustrated, the height of the liquid metal on the disk, denoted as h; before the
hydraulic jump and h; after the hydraulic jump, exhibits variations with respect to the radius.
Similarly, the radial, tangential, and axial components of the liquid velocity, denoted as u, v, and
w, respectively, exhibit variations both in radius r and axial distance z from the disk surface.
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Figure 11. Schematic representation of the liquid metal's height profile on an atomizing disk,
with the assumption that a hydraulic jump occurs at a radius of rc [97].

From Zhao's work [97], it was also concluded that an increase in the flowrate leads to an
increase in the liquid metal height on the disk, as well as the critical hydraulic jump radius. Zhang
et al. [85] established a correlation between the median particle size observed in the atomization
of tin and the thickness of the tin melt film beyond the atomizer edge, as calculated by Zhao's
model. The findings indicated a linear relationship between the median particle size and the
theoretical film thickness. Furthermore, the predicted film thickness decreased with a decrease
in the melt flow rate and an increase in the atomizer rotation speed.
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2.3 Thermal aspects in the process of droplet solidification

In this section, the fundamental aspects of rapid solidification are described. A
comprehensive review of the literature is revised, shedding light on methodologies for both
measuring and modeling the cooling rate for atomization techniques. For the sake of simplicity,
the detailed description of the model used in this research is deferred to Paper Il within this
thesis, enabling redundancy to be avoided.

In the scientific literature, a rapid solidification process is defined as the rapid heat extraction
of thermal energy occurring during the transition from a liquid state to a solid material [104].
There are three fundamental approaches to achieve rapid solidification [105]. The first involves
imposing a high degree of undercooling before the initiation of solidification. The second method
entails maintaining a high front velocity during continuous solidification. The third approach is
characterized by imposing a high cooling rate throughout the solidification process.

Given that the technique employed for producing amorphous particles in this PhD thesis is
centrifugal atomization, the rapid solidification process is achieved by imposing high cooling
rates. This method refers to any solidification process characterized by cooling rates within the
range of 102 to 107 K/s [106].

2.3.1 Methods for measuring the cooling rate

Several approaches exist for measuring cooling rates, encompassing direct measurements,
indirect measurements, and numerical models.

Direct methods for measuring cooling rates involve the immediate assessment of
temperature changes during a material's solidification process. These in-situ measurements have
depended on optical sensing, thermal radiation sensing, and light scattering sensing techniques
[107]. While direct measurements have been attempted [107-109], their difficulty arises from
the challenging conditions and chaotic nature of atomization processes. Hence, experimental
indirect measurements and numerical models have been the most employed and reliable
methods for estimating cooling rates, despite their inherent limitations.

The indirect method for measuring cooling rates involves examining microstructural features,
such as grain size [110], dendrite arm spacing [111], and eutectic interlamellar spacing [112],
effectively characterizing parameters in the rapid solidification process. This is a well-known
process first studied by Flemings et al. [113]. The microstructural features are directly influenced
by the rate of heat extraction, and consequently, the solidification rate during the solidification
process. In the liquid-solid ("mushy") zone of binary alloys, new dendrites form with random
orientation. Initially, as the dendrite arm spacing grows in the melt, it appears very fine. However,
as solidification progresses, only certain arms continue to grow, while others dissolve. The final
dendrite arm spacing is then determined by the coarsening process [114]. Notably, the finer the
spacing observed indicates that the coarsening process occurred over a shorter period. Cahn and
Greer [19] highlighted certain limitations of indirect measurements, noting that such methods
can provide estimates only within the temperature range of solidification, neglecting the
subsequent cooling rate in the solid state. They emphasized that each family of alloys need a
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separate calibration, and cautioned that dendrites may undergo coarsening after solidification,
potentially leading to misleading results.

Nevertheless, despite its limitations, this method remains the most trusted approach for
indirectly measuring cooling rates. The microstructural refinement achieved through
atomization techniques is frequently assessed using the Secondary Dendrite Arm Spacing (SDAS)
method [111]. This method relies on the following formula:

A = AQCR_n (10)

where the constants Ao and n are experimentally derived and are dependent on the
solidification time At and the cooling rate Cg. The actual value of n often falls within the range of
0.3to 0.5 [115].

Secondary dendrite arm spacing measurements in aluminum alloy powders

Despite over 30 years of research on SDAS measurements, significant discrepancies in the
technique persist among researchers [116—118]. In their study, Eli et al. [119] evaluated various
measurement methods for castings produced at different solidification rates, finding
inconsistencies that may arise when using different methods. This comparison analysis was
performed on the centrifugal atomization process for Al4%Cu powders [120]. The different
methods employed are shown in Figure 12.

Figure 12. Schematic representation of SDAS measurement methods [120].

In method A, the line intercept method was used to measure the cell spacing in a particle
[121]. In alloys with a small amount of interdendritic phase, such as Al4%Cu, it is recommended
the use of dendrite cell size as the most desirable value for describing dendritic microstructure,
being equivalent to dendrite arm spacing. The representative particles were traversed along 4
straight lines counting the number of cell intercepts over known distances in each one of them.
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In method B, L (um) represents the length of the primary dendrite arm, whereas in method
C, L represents the length of the primary arm just between the first and the last secondary
dendrite arms. Ngrms is the number of secondary dendrite arms counted [116,119]. For these
methods, the secondary dendrite arm spacing was determined according to the relationship
between primary and secondary dendrite arms, represented in the following equation [121]:

2
SDAS = ——— (11)
Narms -1

Finally, method D consists of making direct measurements between secondary arms of
adjacent dendrites.

The findings revealed that while each method observed a decrease in SDAS with decreasing
particle sizes, Methods C and D emerged as the most accurate and precise among the four
methods [120]. Consequently, in this PhD thesis, Method C was employed to measure the
secondary dendrite arm spacing in Paper Il due to its demonstrated accuracy and efficiency,
considering the number of particles to be measured.

Grain size measurement in copper powders

Regarding the grain size analysis of copper powder, according to ASTM E112 standards [122],
three widely recognized techniques are employed to assess the grain size of ground, polished,
and etched cross-sections of metallographic specimens. These techniques include a) the
comparison procedure, b) the planimetric procedure, and c) the linear intercept procedure. The
comparison procedure entails evaluating the grain structure against a series of graded images;
the planimetric method involves a direct count of the number of grains within a known area; and
finally, the intercept procedure requires counting the number of grain boundary intersections
with a line traversing the sample.

It is noteworthy that to employ any of these techniques, certain criteria must be met in
selecting the micrograph for analysis. One crucial criterion is that the polished surface area
should be sufficiently large to enable the measurement of at least five fields at the desired
magnification [122]. Given the small size of powders produced by atomization techniques,
meeting this criterion for a single particle is unlikely. Therefore, in the research detailed in Paper
I, a different approach was used for calculating average grain sizes in copper powder. For each
particle size range, five distinct micrographs were chosen, and the mean surface area of the
grains in the particles corresponding to each micrograph was measured. For further insights,
refer to Paper I.
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2.3.2 Numerical models for measuring the cooling rate

As mentioned previously, the measurement of cooling rates can also be approached through
numerical models. Levi and Mehrabian [123] were among the pioneers in investigating the
solidification behavior of undercooled droplets, employing both Newtonian and Non-Newtonian
heat transfer models, and developing a comprehensive mathematical formulation that
incorporates atomization process parameters, growth kinetics, interface velocity, undercooling,
and other significant solidification factors. They observed that the solidification of melt droplets
can follow distinct scenarios: first, solidification occurs without notable undercooling; second,
nucleation is suppressed, leading to complete solidification of the system; and third, a significant
undercooling is followed by rapid heat extraction of the latent heat, causing a rapid increase of
temperature almost to the melt temperature (recalescence). Recently developed models
integrated droplet dynamics and thermal profiles during molten metal atomization, consistently
predicting size distribution, velocity, history, temperature, cooling rates, and microstructural
features, particularly secondary dendrites, as a function of process conditions [12,124-126].

In the process of rapid solidification, as observed in atomization processes, different
solidification paths are typically detected as seen in Figure 13 [114]. These paths include: (a) the
liquid state before reaching the primary nucleation temperature, (b) recalescence of the
undercooled melt, (c) post-recalescence/segregated solidification, (d) eutectic solidification, and
finally, (e) cooling in the solid state. The nucleation of the solid phase at the nucleation
temperature T, initiates the release of latent heat, leading to rapid heating of the undercooled
droplet and the onset of the recalescence process. However, the first dendrites form in the
mushy zone, surrounded by residual melt, and solidification continues in the segregated region
(c), where secondary dendrite arms are formed through coarsening.
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Figure 13. Schematic illustration describing the droplet solidification process, adapted from Lee
et al. [126].

Estimating droplet temperature across various solidification paths requires making
assumptions to establish the boundary conditions for the differential equations, thereby
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simplifying the thermal analysis of the droplet. Therefore, the calculation of the local
solidification process varies depending on the assumptions considered, which will determine the
model employed. For models incorporating undercooling, recalescence, segregation, and
eutectic solidification, a thermal model with kinetics is applied [127-129]. In contrast, a thermal
model without kinetics determines the local solidification time under equilibrium conditions
[124,130]. Additionally, thermal models without phase change characterize scenarios without a
solidification interval, as in the case of amorphous materials [19].

For the sake of simplicity and to avoid repetition, all assumptions made in this PhD thesis are
presented and explained in Papers Il and IIl. In general terms, no undercooling is considered since
it has been demonstrated that the use of microsegregation models does not make a significant
difference in the cooling rate analysis [131], given that the rate of heat generation during
recalescence period is well balanced by the rate of heat removal at the droplet surface [126,130].
In Paper Il, the cooling rate was determined for the crystalline Al-Cu alloy. In this context, the
cooling rate is computed as the difference between liquidus and solidus temperature with
respect to the local solidification time:

_ Tliq - Ts

tls

CR (12)
where Tjq and Ts are the liquidus and solidus temperature and t;s is the time required for an
alloy to pass the solidification range.

In Paper lll, the cooling rate was computed for an Al-based amorphous alloy. Consequently,
the cooling process without phase change is characterized by the duration during which primarily
crystallization occurs. It was therefore assumed that crystallization occurs between the liquidus
temperature Tig, and the glass transition temperature, Ty:

Tyuq— Ty

CR =
tiig — tg

(13)

2.3.2.1 Model considerations to describe the cooling rate during centrifugal
atomization

Assessing the cooling rate is accomplished by employing the well-established heat transfer
theory [132]. This involves using models that quantify the heat exchange between a droplet and
the surrounding gas within an environment characterized by high-temperature gradients.
Numerous studies on droplet solidification models have been thoroughly detailed in the
literature, particularly in the context of gas and impulse atomization [12,125,130,132—-135]. The
assessment takes into account heat removal mechanisms such as conduction, convection, and
radiation. These models describe the solidification rate of a spherical droplet undergoing
atomization under Newtonian cooling conditions. Heat conduction is neglected, as a uniform
temperature distribution is considered. The convective heat transfer is expressed by the
following equation:

Qc = Ashg(Td —Ty) (14)
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where Q. is the heat flow, A; is the total surface area of a sphere particle, T, is the temperature
of the droplet, T, is the ambient gas temperature inside the atomizer, and hy is the total heat
transfer coefficient. And the radiative heat transfer is expressed by:

Qr = AsStS(Td4 - Tw4) (15)
where S; is the Stefan-Boltzmann constant, € is the emissivity, and Ty is the wall temperature.

Most cooling models neglect radiation since the heat loss accounted by radiation is
insignificant, so the heat transfer coefficient is evaluated in terms of the convective heat transfer
h:[136]. In the context of molten metal droplet cooling during gas atomization, the convective
coefficient h. becomes a complex function influenced by the thermophysical properties of the
gas medium, the droplet size, and its relative velocity with the gas[137]. A common approach to
qguantify h. has been the utilization of semi-empirical equations [4-10], wherein the Nusselt
number Nu is averaged across the entire droplet surface. The comprehensive structure of these
semi-empirical equations for calculating the effective heat transfer coefficient includes the
Reynolds number Re, which describes the flow field, and the Prandtl number Pr, which is the
ratio of momentum and heat transport, such as:

d
Nu = h,— = a+ cRe™Pr™ (16)
kg
where h. is the convective component of the heat transfer coefficient, and k, is the thermal
conductivity of the gas. Further details regarding the Reynolds number (Re) and the Prandtl
number (Pr) are detailed in Paper Il. The coefficients a and c, as well as the exponents m and n,
are inherent to each system and must be determined experimentally.

As shown in Table 1, numerous Nusselt number correlations for spheres and droplets have
been established in diverse studies, each equation incorporating constants derived from
experimental data [138]. Hence, a comprehensive examination of the experimental conditions
related to the diverse Nusselt number empirical correlations is crucial for determining their
applicable range and validity. The variables included in each equation are presented in the
subsequent paragraphs.

Table 1. Empirical correlations used for calculating the Nusselt number.
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Symbols:

Nu = Nusselt number; Re = Reynolds number; Pr = Prandt! number; Nujam=laminar Nusselt number; Nutyw=
turbulent Nusselt number; T = temperature; i = dynamic viscosity; p = density; C, = specific heat; Cpr = drag
coefficient; oy = relative turbulence intensity.

Index:

A = property calculated at ambient temperature; S = property calculated at sphere surface temperature;

Ranz and Marshall correlation

One of the widely adopted correlations is the Ranz and Marshall correlations [139]. This
correlation was established by measuring water droplet temperatures in an air atmosphere at
ambient temperatures ranging from 85 C to 200 C. The Nusselt number Nu was determined by
balancing heat loss from droplet evaporation with heat gain from hot air at a constant droplet
temperature. This empirical equation was proposed for Reynolds numbers between 0 and 200
and Prandtl numbers ranging from 0.68 to 0.72. Despite the relatively small temperature
difference tested (maximum of 115°C), which may be considered marginal for most metallurgical
systems, the Ranz-Marshall equations have been extensively employed [134].

Extensions of the Ranz-Marshall correlation to elevated temperatures have been suggested
for plasma spray applications. Fizdon et al. [142] measured the temperature of spherical particles
(30-67 um) in a plasma flame with temperatures reaching up to 8000 K and particle velocities of
540 m/s. They introduced a term to consider changes in density and viscosity. Lee & Pfender
[143] adopted a similar approach, proposing the same correlation with an additional correction
for specific heat. However, it is important to note that these last two correlations are tailored for
plasma properties, limiting their applicability to ideal gases as they significantly impact the
Reynolds and Prandtl numbers [145].

Gnielinski [143] introduced a correlation that integrates both laminar (Nujm) and turbulent
(Nutrb) Nusselt numbers, extending the validity of the Ranz-Marshall correlation to Reynolds
numbers up to 10° for 0.7 < Pr < 600, and Yearling and Gould [143] incorporated a term for the
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relative turbulence intensity, denoted as oy into a correlation that closely resembles the equation
derived by Ranz and Marshall.

Whitaker correlation

An alternative commonly employed correlation is the Whitaker correlation [140]. This
correlation addresses both the variability of heat flow around spheres, cylinders, or packed beds
and the impact of temperature-dependent viscosity. It assumes that fluid flow around a droplet
comprises two phenomena: a laminar flow regime and the wake region. The correlation is valid
for 3.5 < Rea< 7.6x10% 0.71 < Pra <380 and 1 < (ua/ Us) < 3.2. The largest temperature difference
observed in different experiments was 70 K. The ratio of dynamic viscosities at the surface
temperature and ambient temperature is also considered. However, to calculate a convective
heat transfer coefficient from this Nusselt number, it is suggested to use the thermal conductivity
at ambient temperature, which may introduce an error for Ts > T4 [145].

In more recent investigations, Duan et al. [12] established a relationship based in the analogy
between sphere drag and heat transfer. They derived this relationship by building upon the
Whitaker correlation for the Nusselt number and incorporating additional experimental data
related to fluid flow and heat transfer.

Wiskel correlation

Many Nusselt number correlations are derived for small temperature differences across the
boundary layer between a molten droplet and the surrounding gas. Thus, a critical consideration
is where to measure the thermophysical properties of the gas, especially in systems where the
gradient across the boundary layer can reach up to 1000 K, as observed in atomization processes.
In such cases, the thermophysical properties of the gas vary significantly from the droplet surface
to the atmospheric temperature. These variations can substantially influence the thermal
transport between the gas and droplet.

This led Wiskel and Henein [134,146] to introduce a correction to address the temperature
dependency of thermal conductivity within the boundary layer, particularly for significant
temperature disparities of up to 800 K between the droplet and the surrounding gas medium.
The authors validated their model by producing aluminum droplets through impulse
atomization, and they experimentally and theoretically determined the solidification distance of
these droplets.

Finally, it is noteworthy to highlight the recent work by Ellendt et al.[143], who introduced a
computational model addressing non-isothermal flow around a sphere under high temperature
differences. The study analyzed the average convective heat transfer coefficient and compared
it with the correlations mentioned earlier for the Nusselt number. The findings indicated that the
data aligns well with the well-established Ranz and Marshall and Whitaker correlations, while
other correlations exhibited poor agreement with the results.
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2.3.3 Correlation validation in the centrifugal atomization process

The limitations associated with extrapolating the correlations to high-temperature
multiphase flow systems are acknowledged by numerous researchers [134,137,145].
Additionally, various authors employ distinct correlations in their atomization systems, with gas
thermophysical properties assessed under different conditions, including ambient temperature
Ta [147], film temperature Ty [148], or droplet temperature T4 [149]. However, none of these
studies have been conducted using the centrifugal atomization technique.

Although all atomization processes are categorized as rapid solidification processes [22], they
inherently differ in how they produce particles, necessitating attention to these distinctions. In
impulse atomization, particle velocities are generally two orders of magnitude lower than in
centrifugal atomization [39,134]. Gas atomization lacks consensus on the droplet formation
location due to recirculation near the gas and melt [150,151]. In centrifugal atomization, particles
are rapidly expelled to a low gas temperature zone [66]. These intrinsic differences raise concerns
about the applicability of models developed for gas or impulse atomization to centrifugal
atomization. The pivotal question arises: which model is suitable for centrifugal atomization?
Given the diverse approaches, a comprehensive investigation into a theoretical model specific to
centrifugal atomization would be beneficial.

2.4 Atomization of glass-forming alloys

To date, numerous studies have investigated the atomization process of glass-forming alloys,
with a predominant focus on gas atomization in aluminum-based an iron-based alloys,
particularly emphasizing microstructural characterization and magnetic properties [11-
13,15,16,18,20,114,152-154]. However, limited attention has been given to the production
process of glass-forming alloys. An exception is the recent study by Ciftci et al.[19], which
meticulously reported on the gas atomization glass-forming alloy powders, analyzing the physical
mechanisms to enhance the cooling rate during this process. The authors used various alloys to
develop four strategies to increase the cooling rate: increasing melt superheat temperature,
employing hot gas atomization, applying spray cone cooling, and using liquid quenching. The
highest cooling rates were achieved for liquid quenched particles with fully amorphous powders
up to 200um. The second-highest cooling rates were achieved with spray cone cooling with Fe-
based powders that exhibited amorphous structures up to 125 um. An elevated melt superheat
temperature, ranging from 250 K to 450 K, significantly enhanced particle shape factors such as
sphericity and aspect ratio. The FeCoBSiNb glass-forming alloy demonstrated the impact of hot
gas atomization on cooling rates, with the relative velocity and temperature gradient
compensating for each other and resulting in nearly unchanged cooling rates, consequently, the
amorphous fraction remained the same. Ciftci's research has yielded significant findings,
particularly in the improvement of cooling rates for atomized particles, aiming to achieve
amorphous structures.

Conducting a fundamental analysis of the mechanisms that enhance cooling rates during
centrifugal atomization would be highly valuable. As mentioned earlier, one of the advantages
of the centrifugal atomization process is the production of spherical-shaped powder, a
requirement for subsequent consolidation methods in the additive manufacturing realm.
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Achieving this demands an in-depth characterization of the capabilities of the centrifugal
atomization technique and a study of the necessary conditions to attain the required cooling
rates for producing amorphous powder.
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CHAPTER 3

Methodology

The methodology employed in this PhD thesis is classified into three key elements: material
selection, powder production, and powder characterization. While the experimental procedures
are detailed in the individual sections of each paper, this chapter serves two distinct purposes.
Firstly, it presents extra information regarding the material selection which led to the
organization of each paper into a coherent sequence of tasks. Secondly, it provides a more
comprehensive account of the equipment and procedures employed in the production and
characterization of the resulting powder described in each of the individual papers. Figure 14
shows a chart with the work methodology.

POWDER

MATERIAL SELECTION POWDER PRODUCTION CHARACTERIZATION

Centrifugal atomization Particle size distribution
technique:
- Equipment description

Exploring common
materials and Al-based Microstructural

alloys for the formation characterization
of amorphous powder

Hybrid atomization
technique
Thermal

- Equipment description e P Dt

Figure 14. Work methodology chart.

3.1 Materials selection

3.1.1 Exploring common materials and Al-based alloys for the formation
of amorphous powder

As discussed in the literature review, achieving an amorphous microstructure in metal
powders requires high cooling rates. Before starting tests of alloys with a high potential of
amorphous phase formation, it was imperative to conduct a comprehensive analysis of the
cooling rates achievable through the centrifugal atomization technique. These preliminary
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studies served the dual purpose of establishing the cooling rate range within which the
equipment operates and devising control strategies while assessing the likelihood of attaining an
amorphous structure.

In an initial approach, the objective was to enhance the cooling rate through the
implementation of innovative techniques in centrifugal atomization. This involved introducing
an external gas stream, a concept that will be elaborated upon in the following section. For this
phase of the research (Paper I), electrolytic copper was selected due to the equiaxed
microstructure it produces. This microstructure facilitated the measurement of grain size as a
function of gas flow rate, therefore allowing the detection of changes in cooling rates.

In the next step of the research (Paper Il), Al4%Cu was used to quantitatively evaluate the
cooling rates experienced during centrifugal atomization. This choice was based on the well-
documented thermophysical properties of the alloy, as well as the availability of empirical
correlations in the existing literature for calculating the corresponding cooling rates.

Finally (Paper Ill), following an extensive review of the literature, AlgsNisYsslass alloy was
identified as having a high probability of achieving complete amorphous or an amorphous phase
formation. This alloy has been previously manufactured using the melt spinning method [155]
with the maximum thickness obtained through this process measuring 785 um. The raw
materials used for designing this Al-based amorphous alloy are shown in Figure 15.

Lump Al12Y88

Master alloy AlI90Y10

Figure 15. Raw materials used for the preparation of AlssNigY4sLay s alloy.

The nominal composition of the alloys along with the details about the raw materials used,
can be found in Table 2. The different elements and alloys were chosen to explore the diverse
approaches in the investigation of the cooling rate and the amorphous powder formation via
centrifugal atomization.
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Table 2. Selected alloys including used in this study.

Raw materials used

0,
Alloy (at%) Nomenclature (Wt2%)
Electrolytic Cu (99,9%) Cu Cu (99,9%)
Al 1050 (99,5%)
_AO,
Alss 26CU1,74 Al-4%Cu Electrolytic Cu (99,9%)
Master alloy Al90Y10
AlgsNisYssLays (at %) AINiYLa Eutectic La12Ni88

Lump Al12Y88
Ni (99,9%)

3.2 Powder production

3.2.1 Description of the centrifugal atomization equipment

The powders in this PhD thesis were manufactured employing the centrifugal atomization
pilot plant designed at Fundacié EURECAT. A schematic representation as well as a picture of the
centrifugal atomization setup can be observed in Figure 16. This system comprises four key
components: the atomization chamber, the induction melting system equipped with a crucible,
the spinning disk, and the vacuum and inert gas system.

Stopper rod Thermocouple

(a)
Induction
heating coil

Crucible

\ Disc water

cooling
system

Atomisation
disc

Motor

Atomisation
chamber Powder

collection

Figure 16. a) Schematic representation of the centrifugal atomizer; b) centrifugal atomization
pilot plant.

The atomization chamber’s dimensions are 2.5 meters in diameter and 4 meters in height, a
design intended to ensure that particles, driven by the centrifugal force of the atomization disk,
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can adequately solidify prior to making contact with the chamber walls. Additionally, the lower
cone of the atomization chamber is inclined to facilitate the seamless sliding of particles towards
the collector, situated at the chamber's lower cap. The atomization chamber incorporates two
access points, one at the top and another at the bottom, which serve as entryways for
maintenance activities. These access points are securely sealed with their respective caps when
atomization procedures are conducted, ensuring a closed and controlled atmosphere, which is
vital to prevent material contamination and oxidation during the atomization process.

To establish a controlled atmosphere with an inert gas, the first step involves creating a
vacuum inside the atomization chamber. Figure 17 shows the two vacuum pumps in series that
are used. This combination is typical for the chamber's volume and the required vacuum level.
The pumps are, one from the the Leybold® brand, model D-65B, which serves as the primary
pump, and the other from the Aerzen® brand, model GMA 10.1 HV. The maximum vacuum level
that can be attained with these pumps is 1:10° mbar, which is the level needed in the atomization
chamber. Once the vacuum level is achieved, the atomization chamber is backfilled with inert
gas.

Figure 17. a) Vacuum pump in series; b) induction heating device; c) coil with crucible system;
and d) the water refrigerator system, and e) the atomization disk.

For melting the metal alloys, an induction-heating device is employed. The metal is placed
into a crucible located in the upper part of the chamber inside an induction coil. This integral
system is composed of an induction generator, the induction coil and a water chiller system,
shown in Figure 17b, 17c and 17d. The inductor provides a predetermined voltage to the coil,
and the flexibility of this voltage is modifiable by adjusting the system parameters. The inductor
generator is the 50SM150 model, manufactured by GH Electrotermia® with frequency of 50-150
kHz and a power supply of 62,5 kW. The Ultracool UC Midi chiller water refrigerator from the
brand Lauda-brinkmann® is required to refrigerate the induction coil and the inductor generator
components.
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The induction coil heats the crucible, causing the metal to melt. The crucible is equipped
with a hole in the bottom, sealed with a stopper. Once the metal is melted, the stopper is raised,
allowing the molten metal to flow downward onto the atomization disk.

The atomization disk, shown in Figure 3.4e is the most crucial component within the
atomization system, responsible for breaking the molten metal into small droplets through the
application of centrifugal force. Positioned inside the atomization chamber just below the
melting equipment, the atomization disk setup is a highly intricate component. It demands
precise calibration to withstand high-speed rotations without misalignment or imbalance.
Additionally, it must endure elevated temperatures and resist corrosion from de melt. To prevent
overheating, the atomization disk is equipped with a cooling system, either water-based or inert
gas-based. In general, the water-cooling system is used for metals with a high melting point,
while the gas cooling system is employed for metals with a lower melting point. In the case of
employing the water-cooling system, the incoming water is split into two streams. One flow is
directed to cool the electric motor of the disk, while the other circulates through the disk's own
cooling circuit. For the inert gas cooling system, inert gas is obtained from gas cylinders. In the
atomization procedures conducted during this PhD, either nitrogen or argon was commonly
used.

The rotation of the atomization disk is driven by an electric motor capable of reaching speeds
of up to 60,000 rpm, with the disk securely fastened to the motor using a clamp. The motor is
the IBAG® HF60.3560 CFP. To protect the internal components of the motor from damage, an
air-seal system is employed, expelling air through the motor’s seals to prevent the ingress of
foreign particles. Furthermore, the motor includes a cooling circuit to prevent overheating. It
also features a 3 KVA frequency converter, allowing for adjustments to the input frequency up
to a maximum of 1,000 Hz, and a braking resistor.

Following the atomization process, the powder is collected in the lower cone of the
atomization chamber within the collector, which can be detached from the atomization chamber.
This feature allows for easy transportation of the powder to proceed to the subsequent steps.

3.2.2 Description of the hybrid atomization equipment

The hybrid atomization process outlined in Paper | enhances the conventional centrifugal
atomizer by introducing an external gas stream at the disk's periphery. This technique consists
of two sequential steps: first, the molten metal is disintegrated into fine particles through
centrifugal atomization as explained in the previous section, and subsequently, these particles
undergo rapid solidification through the hybrid gas system where the droplets are cooled by a
gas stream. The combination of these two techniques results in high cooling rates, prompting
modifications in the material's microstructure. It is worth noting that while this process is
referred to as a 'hybrid atomization system,' it distinguishes itself from other hybrid systems
documented in the literature by its distinct underlying concept. The possibility of patenting the
hybrid atomization equipment is being considered, which is why images cannot be shown due
to confidentiality.
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3.3 Powder characterization

As indicated in Figure 3.1 powder characterization is divided into three parts:

I.  Sieving and particle size distribution: In each experiment, the resulting
powder was subjected to separation using sieves in accordance with the standard
procedure ASTM-B214-07. Filtra® stainless steel sieves with aperture sizes ranging from
20 to 600 um were employed. These sieves were arranged in a consecutive stack,
organized in order of increasing aperture size, with the widest opening at the top and a
collection pan positioned beneath the bottom sieve. Approximately 200 grams of a
standard test specimen were poured onto the top sieve, and the stacked sieves were
placed onto the FTL-0150 digital electromagnetic sieve shaker from the brand Filtra®.
Sieving was carried out for a duration of 15 minutes to obtain distinct fractions of each
alloy.

II.  Microstructural characterization: the samples underwent preparation
through conventional metallographic methods, which varied depending on the sample
type. For the powders, a cold mounting process was employed, involving a two-
component epoxy resin comprising a liquid resin and a liquid hardener. These
components were blended in a plastic cup, and the resulting homogeneous mixture was
then combined with a small quantity of powder within a mold. Subsequently, the
samples were left to harden for a period of 24 hours. The procedures for grinding,
polishing, and etching of the powder samples are detailed in their respective papers.

Microstructural analyses were conducted utilizing Light Optical Microscopy (LOM)
and Scanning Electron Microscopy (SEM). The optical microscope from the brand
Nikon®, and model Epiphot 200, in conjunction with image processing software
ANALYSIS was employed to measure the grain size in the copper powder and the
Secondary Dendrite Arm Spacing (SDAS) in the Al-4%Cu alloy. Additionally, the Scanning
Electron Microscope from the brand ZEISS FESEM® and model Ultra Plus was used to
assess the particle morphology and surface characteristics of the powders.

X-ray diffraction analysis was conducted on the sieved Al alloy powder in paper Ill to
confirm the presence of amorphous material, even in high-size powder fractions. XRD
patterns were recorded using the difractometrer X’Pert PRO MPD from the brand
Malvern PANalytical®, with Cu Ka radiation (A = 1.5418 A) within the 5 to 100° 20 range,
utilizing a 0.017° step, and a measurement time of 100 seconds per step.

Ill.  Thermal characterization: The volume fraction of the amorphous (V) phase
in the different powder fractions produced by centrifugal atomization in paper lll, was
determined through the differential scanning calorimetry (DSC) technique, using the
DSC1 equipment from the brand Mettler Toledo®.
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Results
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disc speed also increased the cooling rates.

Introduction

Centrifugal atomisation of melt has been used for metal
powder production for decades [1-3]. This process is
able to produce spherical particles, with less impurity
and narrow size distribution at a low production cost
in terms of energy consumption [4]. Centrifugal atomi-
sation is considered a Rapid Solidification Process
which involves high rates of cooling during solidifica-
tion (10*-10°Ks™%) [5]. During this process, raw
materials are melted in an inert gas atmosphere. The
liquid metal stream is ejected onto a high-speed rotating
disc which breaks up the liquid into a spray of droplets,
which solidify in flight to form powder. Depending on
the atomisation parameters, particles are produced
either by direct drop formation, by ligament disinte-
gration or by film disintegration from the disc edge
[6]. At a low volumetric flowrate and low disc speed,
direct droplet formation is observed at the edge of the
disc. With increasing volumetric flowrate and disc
speed, ligament disintegration is the main mode of
flow behaviour. Film disintegration appears at even
higher flowrates and disc speeds and the surface of the
atomising is covered by a continuous film moving
from the centre to the periphery of the disc. The particle
diameter has been predicted using the equation [7]:

60

d50 == (1)

pw?’R

where o is the surface tension (N m™"), p is the density
(kg m™), w is the angular velocity (rad s!) and R is

the atomiser disc radius (m). This equation implies
that increasing angular speed will result in smaller par-
ticle size.

The present work aims to investigate the influence
of operating parameters on the new atomisation pro-
cess. This study reports the effects of the gas flowrate
and rotational speed on the median particle size,
microstructure and cooling rate of pure copper pow-
der, produced by the novel hybrid atomisation system.

Basic principle

A new complementary hybrid system has been added
to the centrifugal atomisation equipment in order to
increase the cooling rate of the atomised particles.
The high rates of cooling could lead to significant
modifications on microstructures. The advantage of
this technique is to be able to design new metal pow-
ders of alloys beyond the equilibrium. Centrifugal ato-
misation gives coarse mean powder sizes (>45 pm) that
do not meet the requirements for various advanced
powder metallurgy manufacturing technologies [8].
Thus, a new way has been thought to promote a high
cooling rate and a further break up of the droplets.
The hybrid atomisation process described in this
study is the improvement of a conventional centrifugal
atomiser with the addition of an external stream of gas
at the periphery of the disc. This technique consists of
two steps in the following order: the disintegration of
the molten metal into fine particles through centrifugal
atomisation followed by rapid solidification of these
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particles through the hybrid gas system. The advantages
of this specific design are that the feed material is first
spread out by a spinning disc due to centrifugal forces,
and once atomised, the droplets are rapidly cooled by a
stream of gas. The combination of both techniques
leads to high cooling rates that promote modifications
on the material microstructure which results in high-
quality powder with an increasing demand as new tech-
nology emerge that can make use of their unique charac-
teristics. Although this process is called ‘hybrid
atomisation system’, it is only to remark the combination
of two techniques. The concept behind it is different than
other hybrid systems documented in the literature [9].

Experimental procedures

The centrifugal spinning disc unit with the hybrid
complementary system is shown in Figure 1. This
equipment contains four parts: the atomisation
chamber, the induction melting system with crucible,
the spinning disc with the hybrid system and the vac-
uum and inert gas system.

Electrolytic copper with a purity of 99.9% was used
as a starting raw material. The Cu was induction
melted in a crucible. The melt stream flowed through
a nozzle under gravity onto the atomisation disc, ato-
mising the melt stream.

The main processing parameters for this study were
the disc speed of atomisation and the gas flowrate from
the hybrid system. A set of test runs were carried out
with the variation ranges of the main parameters as
shown in Table 1. 1kg of Cu was melted for each
experiment. In any group of experiments, only one par-
ameter was varied with the others being fixed.

After each atomisation, each of the as-produced
powders was sieved and weighed. However, due to a

Atomisation  Crucible Stopper Induction
chamber heating
system

\

Gas outlet
Hybrid
system

Atomisation
disc
Disc water Motor

cooling system .
g sy —~—— Powder collection

Figure 1. Schematic diagram of the centrifugal atomisation
equipment with the hybrid complementary system.
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Table 1. Processing experimental parameters of atomisation.

Pouring temperature of the melt = 1200°C, graphite

disc diameter = 40 mm; hybrid gas composition =

Nitrogen, chamber gas pressure (N,) = 0,7 bar; melt
flowrate ~ 75 kg h™'

Disc speed (rpm) Gas (N,) flowrate (L min ")

15,000 0-100-200
25,000 0-100-200
35,000 0-100-200

large concentration of flakes and splats, all particles lar-
ger than 355 um were discounted, corresponding to
approximately 35% of the atomised material. The
sampled powder was loaded onto a series of sieves
and shaken on a sieve shaker for 15 min. The powder
weight retained on each sieve was determined. The
sieve data were plotted on a log-normal plot to evaluate
its particle size distribution and median particle size.
The samples were selected and they were mounted in
cold resin and metallographically prepared for micro-
structural examinations. The samples were polished
and etched using a reagent, with the composition of
100 mL H,O - 100 mL C,HsOH - 19 gr Fe(NOs)s;.
The morphology of the atomised particles was
observed by using Ultra Plus Field Emission Scanning
Electron Microscope (SEM). The microstructure and
average grain sizes of powders were analysed with a
Nikon Epiphot 200 optical microscope. Due to the
lack of a standard test method to determine the average
grain size in metal powders, the criteria used in this
study was to measure the mean grain size area in five
different micrographs for each sample from each
atomisation.

Results and discussion
Particle size distribution

Figure 2(a) shows the particle size distribution of cop-
per metal powders produced by centrifugal atomisation
for different hybrid gas flowrates at a constant disc
speed of 25,000 rpm. It can readily be seen that the
gas flowrate does not affect the particle size distribution
significantly lacking a clear tendency and having a
median particle size (dm) from 72 um to 76.9 um
with a standard deviation of 1.61-1.67. As opposed
to Figure 2(a), Figure 2(b) demonstrates that the par-
ticle size distribution of the Cu powder tends to be
finer with increasing rotational disc speed with a
median particle size range between 68.1 um and
883 um and a standard deviation of 1.53-1.75
[7,10,11].

It is also observed from Figure 3 that the median
particle size of produced copper powder decreases
with increasing rotational disc speed, with similar
values for conventional centrifugal atomisation and
hybrid atomisation Thus, the final particle size
obtained using the hybrid atomisation system is mainly
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Figure 2. Particle size distribution of copper powder at (a)
different hybrid gas flowrate and a rotating disc speed
25,000 rpm and (b) different rotating speed and gas flowrate
200 L min~".

controlled by the centrifugal disintegration. The med-
ium particle size of produced copper powder from
the present study is smaller than that predicted by
Equation (1). Thus, the results imply little slippage of
melt on the surface of the atomising disc, a conse-
quence of an excellent wetting between melt and the
graphite disc surface.
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Figure 3. Effect of rotating disc speed on median particle at
different hybrid gas flowrates.

Morphology of Cu powder

SEM micrographs in Figure 4 reveal the morphology of
the Cu powder for conventional centrifugal atomisa-
tion and with the hybrid complementary system. As
illustrated in the same figure, the morphology of
these powders is spherical or nearly spherical. In
addition, few satellites are found around main particles
under both atomisation conditions and no hollow par-
ticles were detected.

Grain size as a function of gas flowrate

The microstructure of atomised particles for both con-
ventional and hybrid atomisation was equiaxed and
mainly affected by the particle size. The mean grain
size area of the particles decreased with decreasing par-
ticles size. This was due to smaller surface area/volume
ratios and a higher heat content of the large particles,
which resulted in lower cooling rate and larger micro-
structure [12].

Micrographs from Figure 5 show that the particle
grain size is highly variable, which indicates the com-
plexity of the process even in the same range of particle
size. If considering spherical grains that nucleate ran-
domly in a given particle, as the grains grow, they
will eventually impinge on one another determining
the variability of the grain sizes, even within the same
range of grain size. These effects are explained on the
basis of competing nucleation and growth phenomena
during solidification of the atomised particles [12].
Within this process is mandatory to add the complexity
of the particle break up from the melt, particle trajec-
tory and particle velocity. Nonetheless, according to
the literature and as shown in this study, a higher cool-
ing rate will result in a decrease in grain size [12].

According to Figure 6, when the gas flowrate
increases from 0 to 200 L min_l, the mean grain size
of the particle decreases, having the same tendency
for different speeds of atomisation. As can be seen
from the figures, the effect of gas flowrate is stronger
at lower disc rotational speeds. At 15,000 rpm the aver-
age grain size was reduced by half for 106 um particles.
This can be explained in terms of disc-particle
dynamics. At lower speeds, the velocity of the droplet
at the edge of the disc is lower, accounting for a higher
contribution of the hybrid vertical component. How-
ever, the gas flowrate implemented in this study has
no effect on the particle size distribution as discussed
previously. These results confirm that the grain size
has a stronger dependence on the cooling rate relative
to that of particle size [13].

A finer microstructure is a consequence of higher
cooling rates. Thus, from the results the cooling rate
is expected to increase with increasing hybridisation
gas flowrate at a constant disc speed and with increas-
ing disc speed at a constant gas flowrate. However,
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Figure 4. SEM images of Cu powders by hybrid atomisation at 200 L min™" (a-c) and centrifugal atomisation (d—f) at 35,000 rpm for
different particle size: (a,d) 106-75 um, (b,e) 75-45 um, (c,f) 45-20 pum.

experimentally the effect of disc speed on grain size was
not evident.

Cooling rate analysis

The cooling rate process of the atomised particles was
theoretically calculated assuming the concept of a

Figure 5. MO images of Cu powders by hybrid atomization: (a,
b) 106-75 um.

single particle which is projected into a gas flow in
the same direction as the velocity of the particle. The
complexities of the system require additional assump-
tions [4] reported below.

For conventional centrifugal atomisation, the initial
droplet velocity is assumed to be the peripheral tangen-
tial velocity of the disc. When using the hybrid comp-
lementary system, the vertical component velocity is
also taken into account. Therefore, the total droplet
velocity increases and the convection heat transfer
coefficient is higher.

According to Yule and Dunkley [4], after the droplet
is completely solidified, it furthers cools down in the
solid state. This process can be evaluated from the
sum of heat convection (Q_.) and heat radiation (Q,)
using the following equation:

Quve = Ah(Tq — Ta) +ASSST(T3 - Tj}) (2)

where h is the convection heat transfer coefficient
(W.m2K™"), A, is the total surface area of sphere par-
ticle (m?), € is the emissivity (0.52, according to [4]), St
is the Stefan-Boltzmann  constant  (5.67 x
107 W.m2.K™*), T, is the temperature of the droplet
(K) and T, is the ambient temperature of the atomisa-
tion chamber.

Fugian et al. [14] evaluate the convection heat trans-
fer coeflicient in terms of the relationship between Rey-
nolds Number (Re), the Nusselt number (Nu) and
Prandtl number (Pr):

1/2
Vaped\ " (Cem\'?
240,64 (g%> 3)
ng Kg

1

K,
h=-%
d

where K, is the thermal conductivity of gas (W m™
K™"), d the diameter of a droplet (m), V, the relative
velocity of the droplet (m s '), p, the density of the
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For centrifugal atomisation, Q. dominates, so that
Q, is ignored in the subsequent analysis. Then, Zheng
et al. estimate the cooling rate from the previous
equation as follows [15]:

dT  6h(Ty — Ta)

e 5

Therefore, substituting typical conditions into
Equation (4), and assuming a maximum gas flowrate
of 200 L min~", theoretically the cooling rate is esti-
mated about 10*-10°K s™' for the equipment
described in this work. Applying the same conditions
to calculate the cooling rate for the conventional cen-
trifugal atomisation process, the difference for both
methods is in the order of 10° Ks™".

Interrelationship between the atomisation par-
ameters, such as disc velocity melt superheat, disc
diameter, gas flowrate and their influence on the soli-
dification process, are complex interactions which are
common in centrifugal atomisation process and make
it difficult to accurately predict the cooling behaviour
of particles. As a result, the numerical analysis
described in this article tends to overestimate the mag-
nitude of the cooling rate. First of all, to simplify the
analysis, heat radiation is ignored. Second, various
empirical equations are incorporated into the analysis.
Third, the values of the physical parameters of the melt,
gas and others are not accurately known. Therefore,
although an experimental validation of the cooling
rate would be necessary, the numerical analysis helps
to provide information to a reasonable degree.

Effects of processing parameters on cooling rate

Figure 7 shows the influence of rotational speed on cool-
ing rate with a constant gas flowrate of 200 L min~", for
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Figure 6. Grain size area as a function of gas flowrate at differ-
ent speeds of atomization: (a) 35,000 rpm, (b) 25,000 rpm and
(c) 15,000 rpm.

gas (kg m™), C, the specific heat of the gas (J Kg_1
K™!) and 7, is the dynamic viscosity of the gas (P,.s).

The energy conservation equation in a droplet is
described by Fugian et al. [14] as follows:

—A(Ty — Tp) — AeSr(TE — T?)

dT
= Vaip;Cpri— 4
dPaLpd dt 4)
where V; (m s™) is the relative velocity of the droplet,
pa (kg m™°) is the droplet density and C,4 (] kg_1 K™
is the droplet specific heat.
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35,000 rpm. It was found that the cooling rate is affected
by the rotational speed. A higher disc speed applies
more centrifugal force on the melt and the initial vel-
ocity of the particle is higher, this resulting in higher
values of cooling rate. This finding is consistent with
those previously reported by other researches [16].

Figure 8 shows that although the cooling rate
increases with increasing disc speed, it mainly affected
by the mean particle size. The cooling rate increases
one order of magnitude for particle sizes <20 pm.
This can be explained in terms of energy content; as
smaller particles have smaller values of convective
heat transfer coefficient.

On the contrary, Figure 9 shows that at a constant
disc speed of 35,000 rpm, hybrid gas flowrates from 0
to 200 L min~" have little effect on the cooling rates.
When gas flowrates increase, the change in cooling
rate is not evident for specific particle size, but, as
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Figure 9. Influence of gas flowrate on cooling rate with a disc
speed of 35,000 rpm.
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shown previously, it is enough to change the micro-
structure, which suggests that the effect of hybrid gas
on cooling rate is not simple. It is also noted from
Figure 10 that for the same particle size the curve is
flat, which illustrates the weak dependence of cooling
rate on gas flowrate, but it confirms its strong function
of particle size.

With these experiments, it was found that even a
small change in cooling rate can affect the final micro-
structure of the final powder. Thus, theoretically speak-
ing, the powder microstructure can be controlled by
the cooling rate which enhances unique microstruc-
tures in attempts to produce powder of new alloys
which hitherto have not been possible.

Conclusion

A new complementary hybrid system was constructed
and applied to produce Cu powder. The effects of gas
flowrate and rotating disc speed on the particle size dis-
tribution, microstructure and cooling rate were studied.
The following conclusions could be drawn from the
theoretical calculation and experimental results:

(1) Particle size distribution does not change with the
hybrid complementary system but it has a strong
relationship with the disc rotational speed. The par-
ticle size became finer with increasing disc speed.

(2) The particle grain size tends to decrease with the
addition of the hybrid complementary system and
with increasing the gas flowrates. At lower speeds
of atomisation, the effect of the hybrid gas flowrate
is stronger due to the extra velocity component.

(3) The cooling rate of the atomised particles
increased with decreasing particle size, and it can
reach more than 10° Ks™' for <20 um powders.
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Based on the results and analysis, the cooling rate
is strongly dependant on particle size and
rotational speed, and it has a weak dependence
on gas flowrate used in this study.
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Abstract: Centrifugal atomization is a rapid solidification technique involving fast cooling rates to
produce high-quality powders. The final microstructure of the atomized particles is closely linked
with the thermal history and cooling rates experienced during the atomization process. However,
there is insufficient research on the temperature evolution of metal particles produced by this
technique, and most works evaluate the thermal history of the droplet through semi-empirical
correlations that lie outside the conditions where they were derived. In this work, the cooling
rate of centrifugally atomized Al-4%Cu was studied via mathematical modelling and experimental
validation. A heat transfer model was implemented, and the value of the convective heat transfer
coefficient was obtained from the Whitaker semi-empirical correlation considering three cases of
study for the thermophysical properties of the gas. The validity of the Whitaker correlation was
experimentally evaluated by means of cooling rates based on the Secondary Dendrite Arm Spacing
(SDAS) technique. The Whitaker correlation with the Reynolds and Prandtl numbers evaluated at
the ambient temperature and the gas conductivity evaluated at the film temperature gave the best
agreement with the experimental results, with cooling rates in the order of 10° Ks~! for <32.5 pym
powders atomized in He atmosphere.

Keywords: centrifugal atomization; cooling rate; secondary dendrite arm spacing

1. Introduction

Centrifugal atomization is a rapid solidification technique that has been widely used
for the production of metal powder for decades [1-3]. During this process, a molten metal
stream falls onto a rotating disk, forming a liquid film on its surface. At the edge of the
spinning disk, the centrifugal force exceeds the surface tension of the liquid, causing the
melt to break up into droplets that solidify in flight in the form of powder. This technique
finds wide application in metal powder production for several industrial processes, such as
additive manufacturing [4,5], sintering processing [6-8], and thermal spray processes [9,10].

The centrifugal atomization technique offers many advantages, compared to more
conventional gas and water atomization technologies, in terms of spherical shape, narrow
particle size distribution, low satellite content, and high energy efficiency [11]. Although
these characteristics are of greatest interest in many of the classic applications of metal
powder, the need for new materials with a unique combination of properties is increasingly
emerging to satisfy the powder metallurgy industry needs, which makes way to amplify
the research spectrum in the use of this technology.

Some of these materials are rapidly solidified alloys, such as amorphous materials,
which require strict control of the microstructure of the powder [12]. In the case of centrifu-
gal atomization, the final microstructure of a powder is highly dependent on the thermal
transport between a droplet in flight and a surrounding cooling gas once the droplet is
ejected from the disk. During metal atomization, temperature differences of 1000 K or more
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can be found between the molten droplet and the ambient gas. Therefore, the thermophysi-
cal properties of the gas vary considerably, and depending on the reference temperature,
uneven results could be obtained. To address this limitation, several approaches have been
used to account for the variation of gas properties that occur across the boundary layers in
different processes, such as impulse atomization and gas atomization [13,14].

Most of the published works on the centrifugal atomization technique have been prin-
cipally concerned with the design of a centrifugal atomizer, modes of liquid disintegration
from a rotating disk, and the effect of process conditions on the particle size of the atomized
powders [15-19], with the aim of contributing to the design and optimization of centrifugal
atomizers in order to improve the stability of the process. However, although the thermal
transport between a droplet and a surrounding gas has been extensively studied for pro-
cesses such as gas atomization [20-24], plasma spray [25] and impulse atomization [13,26],
very little information could be found in the literature for the centrifugal atomization
process [27,28].

In the present work, a mathematical model has been carried out to describe the thermal
behavior of Al-4%Cu centrifugally atomized particles that allows a better understanding
of the heat transfer phenomena for this process. These calculations are based on the semi-
empirical transfer laws [13,29], accounting for the temperature-dependent thermophysical
properties of the gas evaluated at different conditions. The aim is to investigate the validity
range of this semi-empirical correlation which predicts the cooling rate in molten metal
centrifugal atomization. The results are compared with experimental cooling rate results
obtained from Secondary Dendrite Arm Spacing (SDAS).

2. Mathematical Model

The heat transfer between a particle and the surrounding medium can be represented
by Newton’s cooling law, expressed by the following equation:

Qe = Ashg(Ty — Ta) M

where Q. is the heat flow, A; is the total surface area of a sphere particle, T is the temper-
ature of the droplet, T4 is the ambient gas temperature inside the atomizer, and £ is the
total transfer coefficient. The application of this expression to a particular fluid—particle
system has the obvious difficulty of knowing the value of hg, a coefficient that incorporates
the effect of convection, conduction, and radiation heat transfer mechanisms.

The high cooling rates experienced by a particle during the centrifugal atomization
process [30], together with the high thermal conductivity of the metallic material, favors
the homogeneous temperature distribution inside the droplet so that conduction is usu-
ally assumed negligible. This requires that the Biot number (Bi) be less than 0.1, where
Bi = hd/ky, h is the heat transfer coefficient to the gas, d is the diameter of the particle, and
ky is the thermal conductivity of the particle [31,32].

On the other hand, it has been shown that in low melting temperature metallic
materials, the radiation heat transfer mechanism is negligible [33]. However, in this work,
to account for precise results, the radiation contribution was taken into account. In this
sense, the transfer of heat by radiation Q; is expressed as follows:

Q= ASS,,‘s(T;1 — Tj;) @)

where S; is the Stefan-Boltzmann constant, ¢ is the emissivity, and Ty, is the wall tempera-
ture. A maximum value of emissivity (¢ = 1) was considered for this work.

The variable hg from Equation (1) is a convective coefficient that can be quantified
through the Nusselt number, Nu, which thermally characterizes the boundary layer be-
tween a particle of diameter d, and a cooling gas by the following general semi-empirical
equation [34]:

d
Nu = he-£ = a + cRe"Pr" 3)
kg
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where h, is the convective component of the heat transfer coefficient, and kg is the thermal
conductivity of the gas. The coefficients a and c, as well as the exponents m and n, are
inherent to each system and must be determined experimentally.

The Reynolds numbers of the particle, Re, and Prandtl number of the gas, Pr, are given
by the following equations:

Re = P8s=Voldy 4
Hg

pr = Vs 5)
kg

where pq is the density of the cooling gas, V), and V; are the particle and gas velocity,
respectively, p, is the dynamic viscosity, kg is the thermal conductivity, and Cpg is the
specific heat capacity of the gas.

Several approximations of the Nusselt number have been published [25,29,35-37],
although the most frequently used in the field of metal atomization are the Ranz and
Marshall [25] and the Whitaker [29] correlations, both defined for systems with a stationary
particle interaction and a moving fluid.

The convective component of heat transfer coefficient k., described by the Ranz and
Marshall correlation, is represented in the following equation:

d
Nu = hckl = 2.0+ 0.6Re*/2pr1/3 (6)
8

Ranz and Marshall proposed the following values, a =2, ¢ = 0.6, m = 0.5, and n = 0.33,
and they are valid for Reynolds between 0 and 200 and for Prandtl numbers between 0.68
and 0.72, with the gas properties evaluated at the average ambient temperature.

The convective component of heat transfer coefficient k., described by the Whitaker
correlation, is represented in the following equation:

d 1/4
Nu =h.-2 =20+ (0.4Re1/ 24 0,061{62/3) po4( HA @
ke Iis

where ji4 /s is the relationship between the viscosity at the ambient temperature y4 and
at the surface of the droplet y;. This approximation is valid for Nusselt number values
between 3.5 x 10* and 7.6 x 10%, Reynolds number between 0.71 and 380, and Prandtl
numbers between 1 and 3.2 [13].

Both approximations, Ranz and Marshall and Whitaker, share the same equation
structure. The fundamental difference between both approaches is the inclusion of the
viscosity ratio in Whitaker’s correlation. In their test conditions, where a stationary copper
sphere was exposed to a stream of water, they found that water exhibited a significant
change in viscosity with temperature. In addition, Whitaker’s correlation separates the
term relative to the Reynolds number into two contributions corresponding to the two
types of regimes that are established in the laminar and wake regions found in the particle
and fluid interaction.

A limitation of the former correlations, highlighted by numerous published
works [14,21,31,38], is the validity of their extrapolation to systems that incorporate
high temperatures, such as metal atomization techniques. In this sense, the work of
Wiskel et al. [13] deserves to be highlighted. They proposed a modification of Whitaker’s
correlation applicable to the impulse atomization conditions for the production of
Al-4.5%Cu powder, considering the temperature variation of the thermophysical properties
of the gas through the boundary layer in high-temperature systems, expressed by the
following relationship:

1

2B Tm+1 _ Tm-'rl 1 2 l/l 1
Nu = s A4 (0.4T2 + 0.06Re3>Pr <A> 8
Ks(m + 1) Ts _ TA S S S ]/ls ( )
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where B is the pre-power coefficient from the variation of gas conductivity with temperature
and is equal to 3.44 x 1074

Overall, the evaluation of the thermophysical properties of the gas varies from author
to author and must be addressed for each specific system through adjustments with
experimental results. During centrifugal atomization, the initial droplet speed when the
particles are ejected from the disk, and their trajectory during flight are the key parameters
in the heat transfer mechanism. Zhao et al. studied the flow development and the velocity
of the droplet depending on the melt flow rate in different conditions of atomization, in the
case of a full spreading melt and the case of discontinuous melt flow rate on the atomization
disc [39,40].

Zhao et al. [39] showed that for rotating disk velocities between 3000 to 60,000 rpm,
specifically from the centrifugal atomization process studied in this work, the tangential
component velocity of the atomizing disk is far superior to the radial component. Therefore,
the tangential velocity of the atomizing disk can be used as an accurate estimate of the
initial metal droplet velocity, to be 94.2 ms~! at a rotating speed of 40,000 rpm.

After leaving the disk, the trajectory of the particles depends on the forces acting
during their flight in the atomization chamber: buoyancy, gravity, and drag forces. Under
the conditions of centrifugal atomization, the buoyancy effect is negligible, and it is not
considered in this study [32].

After the particle is released from the disc, its movement is described into a plane
tangent to the disc. In the vertical direction, gravity force is present, while the components
of drag force appear in the horizontal and vertical directions. The drag coefficient is
computed according to Yule et al. which considers a drag coefficient for particles in the
micron range.

C; = 18.5/Re"® )

The acceleration components of the droplet are expressed as:

d?x/dt* = —pg(dx/dt)> AsCq/2my (10)

d2y /A = g — pe(dy/dt)* AsCy/2my (11)

where Ag and m, is the area of the mass of the droplet, respectively.

The density and viscosity of the gas in which the particle moves and cools, as well as
its size and speed with respect to that of the gas, determine the drag force to which it is
subjected and the type of fluid dynamic regime that develops. In addition, in its flight inside
the atomizer chamber, the particle, initially driven by the centrifugal force imposed by the
rotating disk, loses speed until it collides with the wall of the chamber or drops to its bottom.
The progressive change in temperature and, therefore, in the thermal gradient between
the particle and the gas, as well as the decrease in the speed, continuously modify the
heat transfer conditions. Hence, it is important to address the dependent thermophysical
properties of the gas to accurately calculate the heat transfer and cooling rate in the process
of droplet solidification during centrifugal atomization.

In this work, the Whitaker correlation [29] and the Whitaker modified correlation [13],
which considers the effect of gas viscosity, were used to determine the Nu number. The
thermal gas conductivity k; in Equations (6) and (7) was evaluated at three different
temperatures: Case 1, at gas ambient temperature Ty4; Case 2, at film temperature T,
which is the median temperature between the droplet and ambient gas temperatures,
Ty= (T4 + Ta)/2; and Case 3, at droplet surface temperature T;.

2.1. Cooling Rate Calculation

The size of the solidification microstructure is related to the solidification cooling over
the entire local solidification process [11]. Therefore, the cooling rate is computed as the
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difference between liquidus and solidus temperature with respect to the local solidifica-
tion time:
CR = (T; — Ts)/t;s (12)

where T; and T are the liquidus and solidus temperature, and f; is the time required for
each full solidification state.

During the solidification period, an equivalent heat capacity coefficient is computed
to consider solidification enthalpy [41].

Cpapp = DHu / (T} — Ts) + Cps + Cp,1 /2 (13)

where AHy, is the latent heat of fusion, C, is the specific heat capacity of the material in a
liquid state, while C, s is the specific heat capacity of the material in a solid state, and T}
and T; are the liquidus and solidus temperatures.

2.2. Properties of Atomization Gas and Alloys

Trajectories and thermal history of particles of different sizes (32.5, 60, 90.5, 115.5, 137.5
and 165 um) were computed to correspond with the median particle size on each particle
size range analyzed in this work. Two gas atmospheres (He and Ar at 25 °C and 1 atm)
and two initial melt superheat temperatures (250 K and 400 K) were considered. The initial
velocity of droplets was computed according to the tangential velocity in an atomization
disc of 45 mm diameter spinning at 40,000 rpm. Values of thermophysical properties of
Al-4%Cu alloy are shown in Table 1 [42].

Table 1. Physical and thermal properties of alloy Al-4%Cu.

Parameter Symbol (Unit) Value
Liquidus Temperature T; (K) 921
Solidus Temperature Ts (K) 845
Density of the droplet pq (kg m~3) 2540
Specific Heat of Liquid Alloy Cpi Jkg K™ 910
Specific Heat of Solid Alloy Cps (kg 1K) 1178
Latent Heat of Fusion AH¢(J kgfl) 381,774

An exponential equation is used to define He and Ar thermal conductivity, dynamic
viscosity, and density depending on temperature [21]. Gas-specific heat capacity is assumed
to be constant. The thermophysical properties of gases are shown in Table 2 [21].

Table 2. Thermophysical properties of He and Ar.

Parameter Ar He
Density pg (kg/m3) 486.61/T 48.774/T
Dynamic Viscosity jig (Pa-s) 3.7763-10~7.7071832 4.3679-10~7.T0-67016
Thermal Conductivity k; (W m~1K™1) 2.5943.10~4.70-74021 2.1588.10—3.7074210
Specific Heat Capacity Cpe (J kg =1 K1) 520.8 5197

3. Materials and Methods
3.1. Materials

Commercial aluminum alloy Al 1050 and electrolytic copper with a purity of 99.9%
were induction melted in a mass composition of Al-4%Cu prior to atomization. This alloy
was used since many studies on the correlation between Secondary Dendrite Arm Spacing
of Al-4%Cu alloys and cooling rate are found in the literature [43-46].

3.2. Atomization

A schematic diagram of the centrifugal atomizer pilot plant is shown in Figure 1. The
stainless steel atomization chamber measures 2.5 m in diameter and 4 m in height. The
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melting system consists of a crucible, an alumina stopper rod, and a thermocouple as a
temperature controller. The crucible with a 3.5 mm hole was made of alumina, and the
metal was heated via induction. A stopper rod was fitted to the hole to control the molten
metal exit. A 45 mm H13 steel spinning disk with a ZrO, coating was used for atomizing
the molten metal. A water-cooling system for the disk was used to guarantee the integrity
of the disk due to the high temperatures of atomization. The atmosphere controlling unit
consists of a vacuum pump with levels down to 1 Pa and an inert gas supply.

ioati Stopper — Crucible
Atomization \ / ke
Chamber \ Rod | . Inducl.uon. .
Heating Coil
~ = g
,// \\
y \
N\
N
N
\
N
N
\ /
N /
AN /
N4 \ 4
el N o \ ~ Motor
Atomization AN \
Disk /
N 7
/
o
N\ d
A K
Powder Collection

Figure 1. Schematic diagram of the centrifugal atomization pilot plant.

Prior to melting and atomization, the vacuum pump was run to ensure low oxygen
content, being backfilled with up to 1 atm of He or Ar according to the atomization.
The raw materials were induction melted to temperatures of 850 K and 1050 K, which
corresponds to a superheating temperature of 250 K and 400 K, respectively. To ensure
maximum homogenization of all elements, the molten metal atomization temperature
was kept constant for 10 min. Molten metal was poured gravity onto the atomization
disc rotating at 40,000 rpm. Figure 2 shows observations on the melt performance on the
rotating disk during atomization made with a Vision Research Phantom v311 Monochrome
high-speed camera.

e

Figure 2. Centrifugal atomization process in operation.

A series of atomization runs were carried out with the variation of the inert gas
atmosphere and the alloy melt superheat temperature as the main parameters of the
atomization process. The experimental process parameters of atomization are shown in
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Table 3. A total of 350 g of materials were melted and atomized for each experiment, where
only one parameter was changed, leaving the others fixed. The mass median particle size
and the log-normal standard deviation (o) were calculated.

Table 3. Experimental processing parameters of atomization.

Superheat Melt

Run # Gas Type Temperature Dsp (um) o
1 100% Ar 400 113 1.82
2 100% He 400 119 1.63
3 100% Ar 250 107 1.64
4 100% He 250 104 1.69

3.3. Powder Characterization

Following atomization, each of the as-produced powders was collected and sieved ac-
cording to ASTM-B214-07 for 15 min with a Filtra FTL-0150 electromagnetic digital sieving
machine into six fractions: 25-45 um, 75-45 pm, 106-75 pm, 125-106 pm, 150-125 um, and
180-150 pm. Samples of each size fraction from each experiment were subsequently metal-
lographically prepared. A total of 25 samples were cold mounted using epoxy resin, mixing
the metal powder with a small amount of epoxy resin and pouring it into the bottom of the
specimen cup. Samples were ground using wet grit SiC paper of 600-800-1200-2400-4000,
respectively, for one minute at a force of 20 N. The specimens were polished with dia-
mond suspension solution of 6 um, 3 um, and 1 um for 10 min in each step, applying a
force of 20 N, and finally finishing with colloidal dispersions of silica (5iO;) for 10 min.
The procedures were applied according to ASTM-B215, using standard metallographic
methods for uncompacted metal powders [47]. The shape, microstructure and SDAS of
the powders were investigated by using an Ultra Plus Field Emission Scanning Electron
Microscope (SEM).

3.4. Secondary Dendrite Arm Spacing Measuring Method

SEM images were used to measure SDAS with the image analysis software Olympus
Stream Version 2.4.4, with enabled direct length readings. A minimum of 10 particles were
analyzed for each size range, and at least 10 dendrites were measured in each particle. The
secondary dendrites were evaluated according to the following equation:

SDAS = 2/ Napms — 1 (14)

where N represents the number of secondary arms counted along one side of the primary
arm, and L is measured as the length parallel to the primary arm between the first and the
last secondary dendrite arm, as shown in Figure 3.

Figure 3. Schematic representation of SDAS measurement.
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4. Results and Discussion
4.1. Metallographic Analysis

SEM micrographs from Figure 4 show the solidification structure for Al-4%Cu droplets
in the 75-45 um size range observed in each experiment. The microstructure of the atomized
Al-4%Cu powders consisted of a fine equiaxed dendrite structure which is typical for all-
size droplets atomized in this study. From these micrographs, no visible changes are shown
in the effect of melting superheat temperature on the resulting microstructure. However, the
gas composition does have a significant effect on the microstructure, resulting in fine-scale
microstructure for powders atomized in He, as opposed to those atomized in Ar.

10 1 © Bt ] 10 pm
pm . , L 104

10 pm

Figure 4. Micrographs of Al-4%Cu centrifugal atomized particles (size fraction from 45 to 75 pum) at
different gas compositions and melt superheat temperatures: (a) Ar-400 K; (b) Ar-250 K; (c) He-400 K;
and (d) He-250 K.

4.2. Secondary Dendrite Arm Spacing—Cooling Rate Correlation

The relationship between secondary arm spacing A and cooling rate R is obtained by
means of a correlation analysis leading to the following empirical logarithmic equation [48,49]:

A= AgR™" (15)

where R is the cooling rate and # and A are constants derived empirically where the SDAS
is compared to the cooling rate. In this work, Mullis’ correlation [45], based on several
published experiments for Al-Cu alloy, was used to convert the SDAS results to cooling
rate as a function of the mean particle size.

A = 58.7R03% (16)

The relationship between SDAS with respect to the corresponding fraction size for
each atomization run is plotted in Figure 5a, whilst a direct comparison of the SDAS to
cooling rate as a function of the mean particle size is shown in Figure 5b [46].



J. Manuf. Mater. Process. 2023, 7, 112 9 of 15

=)}

SDAS (pm)
iy

N

10°

_(a) = Ar-400K 4 He-400K L (b) = Ar-400K 4 He-400K

e Ar-250K v He-250K e Ar-250K v He-250K
| 100 4
) g . .
: 2100t " ol .
_ 4 I

i |
L 3 s | ] =
B I E I z i © 10 _
H i i
- X
L 1 " 1 L 1 L 1 " 1 " 1 " 1 " 102 " 1 " 1 " 1 " 1 L 1 L 1 L 1 "
20 40 60 80 100 120 140 160 180 20 40 60 80 100 120 140 160 180
Median particle diameter (um) Median particle diameter (pum)

Figure 5. (a) Experimental results of the SDAS as a function of the mean particle size for a correspond-
ing size range; (b) calculated cooling rate as a function of the mean particle size for a corresponding
size range.

Error bars in Figure 5a represent the standard deviation calculated from the data of
corresponding fraction size. This standard variation is caused by the cumulative effect of
measurement errors inherent to the SDAS measurement method, the thermal history of each
particle resulting in different microstructures, and the range of particle sizes experiencing
different cooling rates.

The results capture a refinement in dendritic structure with decreasing particle size.
The length of SDAS ranges from 2 to 5 um for particles atomized in the Ar atmosphere.
However, for particles atomized in the He atmosphere, the length of SDAS ranges from 1
to 2 um. As expected, SDAS, for a given particle size, is finer for atomization in He relative
to Ar due to the high thermal conductivity of He, whereas the melt superheat temperature
does not seem to affect the microstructure. Based on these values, cooling rates range from
10% to 10* Ks~! for particles atomized in the Ar atmosphere to 10* to 10° Ks~! for particles
atomized in the He atmosphere. These values are in agreement with those previously
reported by Ostiirk [27], although the processing parameters in their study differ from this
work.

4.3. Theoretical Cooling Rate

Figure 6 shows the theoretically cooling rate as a function of mean particle diameter
for the three cases of study considered in this work for the evaluation of the Nusselt
number Nu:

— Case 1: Whitaker correlation with k¢, Re and Pr evaluated at the ambient tempera-
ture Ty;

—  Case 2: Whitaker correlation with kg evaluated at the film temperature Ty = (T + T4)/2
and Re and Pr evaluated at the ambient temperature T4;

— Case 3, Wiskel modified correlation with kg evaluated at the droplet surface tempera-
ture T; and Re and Pr evaluated at the ambient temperature T4.

The cooling rate notably changes with the different conditions studied in this work.
Both the thermophysical properties of the He and the Ar atmosphere vary considerably
from the droplet surface temperature T, to the ambient temperature T4, confirming that
these differences can have a significant impact on the centrifugal atomization heat transfer
evaluation.
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Figure 6. Theoretically calculated cooling rate as a function of the mean particle diameter for particles
atomized in Ar and He atmospheres at 250 K superheat temperature. Gas properties were evaluated
at three different temperatures: case 1, at gas ambient temperature T4; case 2, at film temperature T,
case 3, at droplet surface temperature T,.

The curves for Case 1 have the lowest values of cooling rate, between 2.7 x 103 Ks ™!
and 3 x 10* Ks~! for particles atomized in the Ar atmosphere and between 1.7 x 10* Ks~!
and 2 x 10° Ks™! for particles atomized in the He atmosphere. The thermal conductivity kg
evaluated at the ambient temperature T4 corresponds to systems where the temperature
differences between the particle and the fluid are small. Therefore, the thermophysical
properties of the gas in the boundary layer do not vary significantly. Despite this and
the great temperatures differences found in metallurgical processes such as centrifugal
atomization, the evaluation of these properties continues to be evaluated at the ambient
temperature for a large number of processes [20,50,51], which may introduce errors in the
final cooling rate results.

Regarding Case 2, although it has been suggested to use the Whitaker correlation
with the evaluation of kg at the ambient temperature [24], using these values at the film
temperature Ty is, a priori, a reasonable approximation for systems where the temperature
differences in the boundary layer may become larger than in Case 1. Figure 4 shows an
increase in the cooling rate values in Case 2 compared to Case 1.

Finally, Case 3 corresponds to the case where the thermal conductivity k, is measured at
the droplet surface temperature T}, that is, when the relative velocity between the atomized
particle and the gas approaches zero. In this approach, the Wiskel correlation [13] was used
to account for the temperature dependency of ke in the boundary layer for systems where
the temperature differences between the particle and the fluid are big (approx. 1000 K).
Case 3 gives the highest values of cooling rate from the three cases of study.

As expected, as the temperature where the thermal conductivity kg is measured
increases, the cooling rate values also increase. It is evident that the cooling rate notably
changes with the different conditions, following the same pattern either for particles
atomized in Ar or He gas, stating the importance of determining at which temperature
(ambient, film of surface temperature) to calculate the thermophysical properties of the gas.

4.4. Experimental Validation of the Model

Figure 7 shows the cooling rate calculated theoretically for the three cases of study, as
well as the cooling rate calculated experimentally and through Mullis” empirical correlation
for Al-4%Cu [45].
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Figure 7. Comparison between the theoretically calculated cooling rate for the three cases of study
and the calculated cooling rates based on SDAS measurements.

It becomes evident that in Case 3, where k is evaluated at the surface temperature of
the droplet T, the model yields overestimated cooling rate values. It is worth mentioning
that Wiskel reported that the gas properties evaluated at T} fit better for the impulse atom-
ization process [7]. This may be due to the low particle velocity achieved during impulse
atomization. When the relative velocity between the gas and the particle approaches zero,
it seems of a good agreement to evaluate the gas properties at the droplet surface tempera-
ture T;. However, during the centrifugal atomization process, particles experience a high
velocity provided by the disk speed. Thus, the surrounding gas renovation around the
particle is faster than during impulse atomization; therefore, evaluating k, at the surface
temperature of the droplet does not correlate with the experimental results.

From the comparison between the theoretical cooling rate and the experimental cooling
rate calculation, it is not clear whether the evaluation of k¢ using the Whitaker correlation
at the film temperature T gives better results than evaluating kg at the ambient temperature
T 4. For small particle sizes, evaluating the properties of the gas at the ambient temperature
correlates better by comparing both results, theoretical and experimental approaches, while
as the particle size increases, Case 2 gives better results. However, it is known that to
calculate the convective heat transfer coefficient k., the use of ke at ambient temperatures
may introduce errors for higher temperatures systems. In this sense, the evaluation of
the thermophysical properties of the gas for the centrifugal atomization process is recom-
mended to be addressed using Whitaker’s correlation, which considers the temperature
differences through the ratio of the dynamic viscosities at the droplet surface temperature
T,; and the ambient temperature T4, with the evaluation of the thermal conductivity of the
gas kg from the Nusselt number at the film temperature Tf.

From the heat transfer model, it is evident that the cooling rate of particles depends
largely on the alloy in terms of density, specific heat, and melting temperature. In addition,
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in the case of the centrifugal atomization process, in particular, the cooling rate also depends
on the size of the particle in trajectory, the initial velocity of the particle, and the properties
of the gas. In this sense, by varying the properties of the gas for a specific alloy, and for a
known initial velocity provided by the disk speed, the heat transfer process gives different
results for the cooling rate of the particles.

The proposed approach does not consider the effect of radiation, which in cases of
high melt temperature alloys, its contribution is significant. Additionally, for simplicity,
the model considers just one particle solidifying at a time with no interaction with each
other, which otherwise would contribute to a local temperature increase resulting in a
lower cooling rate. Finally, the use of a Mullis semi-empirical relationship is applicable to
Al-4%Cu alloys. Although these limitations arise, this work suggests further advances in
terms of modelling the solidification process in the centrifugal atomization process.

4.5. Thermal Evolution of the Atomized Particles

Figure 8 shows the temperature profile for a 60 um and 137 pm droplet atomized in
the Ar and He atmosphere, with a melt superheat temperature of 250 K computed using
Case 2 in the mathematical model. It can be seen that the temperature decreases rapidly
with changing the gas composition from Ar to He. For a 60 pm particle atomized in an
Ar atmosphere, it takes 8.7 x 1073 s to completely solidify, whereas, for the same particle
size atomized in a He atmosphere, it takes 1.6 x 1072 s to solidify. Therefore, for the same
particle size, solidification occurs earlier in a He atmosphere, meaning that the solidification
of droplets occurs in a nearer position of the atomization disc than in an Ar atmosphere.

1200
------ 137 pm: Ar - 250 K
s e 60 um : Ar - 250 K
1000 [ ----137 um: He - 250 K
—— 60 um: He - 250 K
S 800
2
=
=
o 600
o
E -
= 1
400 ’

~.o

200 =
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16

time (s)

Figure 8. The temperature profile of centrifugally atomized particles for Case 2 of this study, for
particles atomized in Ar and He atmospheres at 250 K superheat temperature.

Moreover, Figure 8 shows that droplet temperature decreases faster with decreasing
powder size from 137 to 60 pm within the same gas composition. For example, particles of
60 um atomized in He atmosphere take 3.7 x 10~* s, while particles of 137 um atomized
in the same atmosphere take 6.07 x 1072 s to completely solidify, increasing one order of
magnitude. These results confirm that while the gas composition is effective in influencing
the cooling rate of the atomized particles, the cooling rate has a strong dependence on
droplet size.

5. Conclusions

A mathematical model was employed to describe the thermal behavior of Al-4%Cu
centrifugally atomized particles coupled with the characterization of the powder by
the Secondary Dendrite Arm Spacing method. This contribution discusses the effect of
the temperature-dependent thermophysical properties of the gas evaluated at different
conditions.
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To calculate cooling rates to be consistent with those determined experimentally by
the semi-empirical model proposed by Mullis correlation, the gas thermal conductivity k
requires the evaluation of the thermal conductivity of the gas at the film temperature T,
which accounts for the fast-surrounding gas renovation when the particle is expelled from
the disk.

From the SDAS measurements, the cooling rate was calculated to be from 10* to
10° Ks~! for particles atomized in a He atmosphere and from 10 to 10* Ks~! for particles
atomized in an Ar atmosphere, where He provides the highest rates of heat transfer
compared to Ar due to its higher thermal conductivity.

The realization of the full potential of centrifugal atomization is limited by the lack of
in-depth scientific understanding of the process. Therefore, and since the process of droplet
solidification during flight is not available experimentally, this study offers new insights
into the scientific knowledge in this field in order to improve the process in terms of the
predictability of the resulting powder atomized by the centrifugal atomization process.
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Abstract: Centrifugal atomization is a rapid solidification technique for producing metal powders.
However, its wide application has been limited to the production of common metal powders and
their corresponding alloys. Therefore, there is a lack of research on the production of novel materials
such as metallic glasses using this technology. In this paper, aluminum-based glassy powders
(AlggNigYy5Laj 5) were produced by centrifugal atomization. The effects of disk speed, atomization
gas, and particle size on the cooling rate and the final microstructure of the resulting powder were
investigated. The powders were characterized using SEM and XRD, and the amorphous fractions
of the atomized powder samples were quantified through DSC analysis. A theoretical model was
developed to evaluate the thermal evolution of the atomized droplets and to calculate their cooling
rate. The average cooling rate experienced by the centrifugally atomized powder was calculated
to be approximately 7 x 10° Ks~! for particle sizes of 32.5 um atomized at 40,000 rpm in a helium
atmosphere. Amorphous fractions from 60% to 70% were obtained in particles with sizes of up to
125 pm in the most favorable atomization conditions.

Keywords: metallic glasses; centrifugal atomization; amorphous fraction; cooling rate

1. Introduction

Metallic glasses have attracted the interest of the scientific community for their possi-
ble applications due to their unique properties over their crystalline counterparts. Within
amorphous metal alloys, Al-based metallic glasses have gained attention since their dis-
covery in 1988 [1,2] because of their high specific strength [3,4] and high resistance to
corrosion [5] compared to general-use aluminum alloys, which makes these materials an
important target for their potential development in engineering applications.

Al-based metallic glasses have been proven to be very difficult to obtain due to their
low glass-forming ability (GFA) compared to other metallic glasses [6,7]. The vast majority
of the studied alloys are within the AL-RE-TM (aluminum, rare earths, and transition
metals) system because they exhibit a higher GFA [8]. Yang et al. [4] produced glassy rods
of 1 mm in diameter using copper mold casting, which is the largest product reported for
Al-based metallic glasses with a composition of AlggNigY45CosLa 5.

Low GFA suggests a higher critical cooling rate, therefore limiting the sample size
that can be achieved in a fully amorphous structure. The cooling rate necessary to obtain
amorphous Al-based alloys is in the order of 10°-10° K s~! [9]. Thus, the most viable
way to manufacture these metallic glasses are through rapid cooling processes, with the
most common including melt spinning [10] and gas atomization [11-13]. Although melt
spinning is popular for scientific research, the maximum achievable size for specimens is
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restricted [14]. On the other hand, for gas atomization, it has been found that the largest
completely amorphous particle size obtained for these alloys are powders of less than
25 um [15,16].

Although the resulting product of atomization methods is a powder, these techniques
have maintained scientific interest due to the possibility of producing amorphous or
partially amorphous powder that can be further processed using various technologies.
Al-based metallic glass powders have been successfully deposited by cold gas spraying,
demonstrating that is possible to maintain amorphous structure and to create functional
coatings with high hardness and corrosion resistance [5,17,18]. Additionally, selective
laser melting [19,20] and spark plasma sintering [21] had been demonstrated to be good
techniques to maintain a partially amorphous structure of consolidated bulk specimens,
but studies on Al-based amorphous alloys in these fields are still incipient.

Today, the production of Al-based metallic glasses is still challenging. An alternative
technique to gas atomization for generating these materials is centrifugal atomization.
During this process, molten metal is dropped onto a high-speed rotating disk. The liquid
spreads out onto the disk by the centrifugal force and finally breaks into small droplets that
solidify during their flight in the presence of an inert gas atmosphere. Cooling rates between
103 and 10° K s ! can be reached using this method [22], thus providing an appropriate
range of cooling rates for the generation of Al-based metallic glasses. However, a review of
the literature reveals that although there are several works on the centrifugal atomization
process [23-25], studies on the production of metallic glasses using this technique are not
found in the literature.

In addition, centrifugal atomization has significant advantages compared to tradi-
tional gas atomization technology. The particle size distribution of the batch produced is
narrower, resulting in a higher yield process. The powder that is produced has a highly
spherical form, with better roundness and a smooth surface. Unlike gas atomization, satel-
lites, which are adhesions of small particles on larger ones, are minimized. All of these
powder characteristics significantly improve powder flowability, a key factor in additive
manufacturing or thermal spraying technologies. Additionally, inert gas consumption and
the energy consumption associated with it is significantly reduced, making centrifugal
atomization highly beneficial in terms of sustainability and cost reduction.

In the present work, an AlgsNigYs5Laj 5 alloy was centrifugally atomized, and its
microstructure and the amorphous fraction that were obtained were investigated as a
function of gas composition and rotational disk speed. AlgsNigYs5La; 5 was chosen be-
cause it showed a strong capacity in the formation of metallic glasses, as derived from an
extensive study of aluminum-based bulk metallic glasses [26]. However, the centrifugal
atomization of the powder resulting from this composition has never been reported on
before. This research is aimed at characterizing the glass formation ability of the atomized
AlggNigYy5Lag 5 and at expanding our understanding of metallic glass preparation via the
centrifugal atomization technique.

2. Materials and Methods
2.1. Powder Synthesis

A schematic diagram of the centrifugal atomization unit is shown in Figure 1. This
equipment consists of three main parts: an atomization chamber to provide a controlled
atmosphere; an induction melting system with a crucible that allows the metal to be
melted in an inert gas atmosphere; and a spinning disk, which disintegrates the melt into
fine particles.
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Figure 1. Schematic diagram of the centrifugal atomization equipment.

The raw materials used for alloy formation were commercial-purity Al-Y master
alloy (90%Al-10%Y mass%), Y-La lump (12%Al-88%Y mass%), La-Ni eutectic pieces
(12%Ni-88%La mass %), and commercially pure nickel 201 alloy (>99 Ni mass%). They
were mixed in a molar composition of AlggNigYss5Lais and then induction-melted at
1605 K in an alumina crucible equipped with a stopper rod that allowed the melt to flow
through the crucible orifice. The temperature was measured by means of a thermocouple
located inside the crucible and was kept constant for 15 min to ensure homogenization
and proper dissolution of all of the raw materials. Prior to melting and atomization,
a vacuum pump was run to depressurize the chamber to 1073 Pa and was subsequently
backfilled with inert gas. During the atomization process, the stopper rod was pulled up,
and the melt was gravity poured through the 3 mm orifice onto a flat 40 mm diameter
316 L stainless steel disk rotating at a high speed. This disk had a 150 um ZrO, coating on
the upper surface in contact with the melt. A water-cooling system was used to guarantee
the integrity of the disk due to the high temperatures of atomization.

The main processing parameters for this study were the disk speed and the inert gas
atmosphere. A set of test runs were carried out, melting a total of 350 g of the starting
materials for each experiment. Process conditions consisted of analyzing two different disk
speeds: 30,000 rpm and 40,000 rpm; and three combinations of different gas compositions
(in volume %): 100% Ar (Ar), 50%He-50%Ar (He-Ar), and 100% He (He).

2.2. Powder Characterization

The powder obtained from each atomization run was collected and sieved according
to ASTM-B215 for 15 min with a Filtra FTL-0150 electromagnetic digital sieving machine
with 20, 45, 75, 106, 125, 150, and 180 pm sieves according to the corresponding particle
fraction sizes.

The particles were then embedded in cold-mounting resin, ground, and polished
with diamond suspension solution and finished with a colloidal dispersion of silica (5iO;)
using standard metallographic methods for uncompacted metal powders [27]. The surface
morphology and microstructure of the powders were investigated using an Ultra Plus field-
emission scanning electron microscope (SEM). The chemical compositions of the atomized
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powders were checked by inductively coupled plasma optical emission spectroscopy (ICP-
OES) using Thermo Scientific iCAP PRO. X-ray diffraction analysis of the sieved Al alloy
powder was performed in order to verify the production of amorphous material, even
for high-size powder fractions. XRD patterns were recorded using PANalytical X'Pert
PRO MPD equipment with Cu Ko radiation (A = 1.5418 A) from 5 to 100° 20 with a 0.017°
step, measuring 100 s per step. The differential scanning calorimetry (DSC) technique
was selected to determine the volume fraction of the amorphous (Vy) phase present in
the different powder fractions produced by centrifugal atomization. For this analysis,
a DSC1 Mettler Toledo was used, and the measurements were conducted under a nitrogen
atmosphere using aluminum crucibles. For the test, 20 mg of each powder was heated from
300 K to 800 K at 10 K/min rate.

3. Results

A summary of the test runs performed, their atomizing conditions, and the particle size
distribution of the obtained powders is presented in Table 1. The particle size distributions
of the atomized powders at 40,000 rpm are finer than those atomized at 30,000 rpm. This
result is coherent with the known state-of-the-art of centrifugal atomization [28], as the
higher the disk velocity, the lower the particle size that can be achieved. Regarding the
gas atmosphere used in atomization, no clear tendency was found in the particle size
distribution results, allowing us to conclude that the nature of the gas does not affect the
particle size distribution.

Table 1. Description of atomization runs and particle size distribution obtained.

Run# Disc Velocity (rpm) Gas Composition D1o (um) D5 (um) Dgg (um)

1 30,000 He 63 111 165
2 30,000 He-Ar 77 136 231
3 30,000 Ar 78 127 193
4 40,000 He 55 96 156
5 40,000 He-Ar 59 102 155
6 40,000 Ar 51 90 150

Chemical analysis by inductively coupled plasma (ICP) of the final powder indi-
cates that the alloy composition is close to the desired nominal composition. The final
composition of the powder was Ni:8.1, Y: 4.6, La: 1.6, Al: bal. (in atomic %).

3.1. SEM Analysis

SEM images of the powders in the particle size range of 75-45 um atomized under
different conditions are shown in Figure 2. Most of the powder particles were spherical
in shape. The surfaces of particles atomized in a He atmosphere were very smooth, and
direct observations did not show a crystalline structure, whereas particles atomized in
He-Ar—and to a larger extent, in Ar atmospheres—presented rough surfaces that are
related to the formation of crystalline phases.

Micrographs of centrifugally atomized particle sizes synthesized in a He atmosphere
are shown in Figure 3. Figure 3a shows the cross-section micrograph of the 45-20 um
particle size range, where the majority of the particles have a featureless structure. In some
particles, small Al,Y crystals (less than 10 pm in length) surrounded by the featureless
structure appear [15]. It is important to notice that for the smaller particle sizes, it cannot
be determined if the particles are completely featureless. SEM observations only show the
cross section of the particles, meaning that they may have a certain degree of crystallization
that remains unknown.
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(a)

® o ©

Figure 2. Surface morphology of the resulting powder in the size range of 75-45 pm atomized at the
same speed of 40,000 rpm using different gas compositions: (a) He; (b) He-Ar; (c) Ar.

(b)

Figure 3. Cross-section SEM micrographs of particles centrifugally atomized in a He atmosphere at
40,000 rpm: (a) 45-20 pm; (b) 45-75 um.

A similar pattern is detected in the micrographs of the 7545 um particle range. In
Figure 3b, most of the particles also appear to be featureless, but some of them are clearly
crystallized, with high-length crystals and a heterogeneous crystallographic structure that
is typical of the crystallization of Al-Ni-Y alloys [12,16]. High randomness is noticed in
the microstructure between particles for the same particle size range and atomization
conditions, in which some seem totally amorphous, and others are almost totally crys-
talline. Despite this disparity, a clear pattern appears in the proportion of featureless and
crystallized particles depending on particle size and atomization gas. In small particle size
ranges and in particles atomized in He, the majority of the particles present a featureless
structure, while in large particle size ranges atomized in He-Ar and Ar, almost the totality
of the particles are fully crystallized.

3.2. XRD Analysis

XRD patterns of centrifugally atomized powder samples at different gas compositions
and disk speeds are shown in Figure 4. Phase identification in Figure 4 is based on results
from [12]. From these diffraction patterns, it can be verified that the crystalline fraction
increases with the particle size, even for different gas compositions, as previously observed
in the micrographs.
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Figure 4. XRD pattern for centrifugally atomized particles: (a) particles atomized in a He atmosphere
at 40,000 rpm, and (b) particles atomized in an Ar atmosphere at 30,000 rpm. The intensity of the
crystalline peak increases with increasing particle sizes, indicating a higher crystalline fraction.

When comparing the diffraction patterns of particles atomized in He and Ar, it is
clear that particles atomized in an Ar atmosphere have more crystallinity than particles
atomized in a He atmosphere. A broad amorphous halo was observed in the particles
atomized in a He atmosphere at a disk speed of 40,000 rpm, indicating the formation of
an amorphous structure up to a particle class size of 125-106 um. However, even for small
particle sizes (45-20 um), small diffraction peaks close to the background signal indicate
that these particles are not fully amorphous. Peaks appear more clearly as the particle
size increases, indicating an increase in the crystalline fraction in larger particles. These
peaks correspond to the x-Al phase [29]. In comparison, the XRD patterns of particles
atomized in an Ar atmosphere at a disk speed of 30,000 rpm show clear diffraction peaks,
even in particle sizes of 45-20 um. For particles > 75 um atomized in an Ar atmosphere, the
DRX results correspond to an almost entirely crystalline pattern, as no halo is identified in
these cases.

3.3. DSC Analysis

Figure 5 shows a DSC measurement from room temperature to 800 K (10 K min~1)
for a 45-75 pum particle size range sample atomized in a He atmosphere at a disk speed of
40,000 rpm. DSC curves for the different gas compositions and the same particle range are
shown in the inset in Figure 5. The DSC curve of the ribbon sample is adapted from [26].
For all of the atomization conditions, the DSC curves exhibited a three-stage crystallization
process characterized by three peak crystallization temperatures, as expected for this alloy.
No detailed analysis of the crystallization of the AlggNigY45La; 5 glass-forming alloy is
found in the literature. However, other similar compositions are studied in detail. The first
peak corresponds to nano-Al precipitation, the second peak corresponds to the growth
of alpha-phase nanocrystals and the formation of Al3Ni and AI-Ni-Y phases, and the
third peak corresponds to the growth of existing crystals and to the formation of Al-La
phases [4,30]. No sign of glass transition temperature (T¢) was detected from the DSC curve.
For most of the Al-based metallic glasses, the supercooled liquid region is small; therefore,
the glass transition signal and the onset of the crystallization signal tend to overlap [5,31].
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Figure 5. DSC measurements for 75-45 um particles atomized in a He atmosphere at 40,000 rpm.
AH., AHg, and AHg; are the integrated enthalpies of crystallization for the first, second, and third
peaks, respectively. Inset in the figure shows the DSC curves of the respective samples atomized in
different gas compositions, and DSC curve of ribbon sample is adapted from [26].

3.4. Determination of Amorphous Fraction

The volume fraction of the amorphous phase (Vy) in each atomized particle size
range was evaluated by normalizing the enthalpy released during the crystallization of the
powder with the enthalpy of crystallization of a fully amorphous melt-spun ribbon sample
using the following equation:

V¢ = (AHT, Am — AHT, pAm) / AHT, Am (1)

where AHT 4y, is the total enthalpy released upon the crystallization of a fully amorphous
sample, and AHT pa, is the total enthalpy released upon the crystallization of a partially
amorphous sample. For this work, the enthalpy of the crystallization of the fully amorphous
melt-spun ribbon sample was taken from Yang et al. and used as a reference [26].

The heat released during the three exothermic reactions was compared with the heat
released from the three exothermic reactions of the fully amorphous AlggNigY4 sLag 5 melt-
spun ribbon of the identical crystallization sequence. Figure 6 gathers the total amorphous
volume fraction present in the atomized particles as a function of the corresponding size
range for the different conditions of atomization.

N He [ He-Ar [ Ar

100 - (a) 40,000 rpm 100 — (b) 30,000 rpm
X
o 80 80
(72}
[
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2 60 60 |
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Figure 6. Amorphous volume fraction of the centrifugally atomized AlggNigY4s5La; s powder as
a function of the corresponding particle size range using different gas compositions: (a) particles
atomized at a disk speed of 40,000 rpm; (b) particles atomized at a disk speed of 30,000 rpm.
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Figure 6a shows that for a given particle size range, centrifugally atomized powders
prepared in a He atmosphere have a much higher amorphous fraction than powders at-
omized in an Ar and He-Ar atmosphere, whereas Figure 6b shows that changes in the
disk speed do not seem to have a significant effect on the achieved amorphous fraction
compared to the gas composition. From Figure 6, it can be seen that centrifugally atom-
ized powders prepared in a He atmosphere, either at 30,000 rpm or 40,000 rpm, have
a high amorphous fraction of 60% to 70% in particle size ranges of up to 125-106 um. To
the authors” knowledge, there are few data on amorphous volume fractions in atomized
alloys in the existing literature related to the AI-TM-RE system [5,12,13]. The literature
suggests that a high percentage of amorphous fractions have only been found for parti-
cle sizes <40 pum for particles atomized via gas atomization, even for those atomized in
a He atmosphere.

3.5. Thermal Evolution of Atomized Droplets

A mathematical heat transfer analysis was used to quantify the heat transport between
the surrounding gas and the centrifugally atomized droplets. Particle trajectories along
the atomization chamber were computed according to Yule [32] by considering drag force
and gravity force and by assuming an initial velocity equal to the tangential velocity of the
disk [33]. A homogeneous temperature distribution inside the droplet is assumed to be
due to rapid heat conduction within the particle compared with convection heat transfer
from the surface of the droplet and the surrounding gas [34]. Radiation is considered to be
negligible due to the low contribution on the cooling rate compared to convection, which is
around an order of magnitude lower [11,32]. To calculate the effective heat transfer coeftfi-
cient i, the Nusselt number Nu from the semi-empirical equation based on the Whitaker
correlation [34] was used [34], which considers the temperature-dependent thermophysical
properties of the gas in an environment with a high temperature gradient [35]:

Nu = hd/kg =2+ (0.4Re'/2 4 0.06Re*/* ) Pr'/4 (g /us)* @)

where d is the droplet diameter, kg and ., are the thermal conductivity and the viscosity of
the gas evaluated at ambient temperature, respectively, and y; is the gas viscosity evaluated
at the temperature of the surface of the droplet. Nu includes the Reynolds number Re and
the Prandtl number Pr, which are defined as:

R, = pPg© d/ﬂg (3)

and
Py = Cpg pg/kg (4)

where Cpe and p, are the specific heat capacity and density of the gas evaluated at the
ambient temperature inside the atomizer, respectively, and v is the droplet velocity.

For simplicity, the thermophysical properties for pure Al liquid were used for the
AlggNigYys5Lag 5 alloy. The glass transition temperature T¢ of the AlggNigY45Lay 5 alloy was
taken as 507 K [26]. Since the experiment involved metallic glass powder, this calculation
was performed by assuming that no phase change takes place during the cooling of
the molten metal from the atomization temperature to the glass transition temperature
Tq [11,36]. Thus, for the cooling rate calculation, it was assumed that undercooling takes
place below the glass transition temperature.

Figure 7 shows the cooling evolution of the atomized droplets from the atomization
temperature to the glass transition temperature in the different study cases. Droplets from
the lower diameter are cooled more rapidly, and He provides the best cooling rate. Compar-
ing the cases of equal atmosphere and different disk velocities, only a slight improvement
in the cooling rate is observed at higher velocities. In the case of He atomization, all of the
droplets reach the glass transition temperature in 20 ms, while in a He-Ar atmosphere, only
particles of around 100 um in size achieve this cooling time, and only finer particles below
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50 um reach this condition in an Ar atmosphere. The largest time interval is 150 ms for
droplets of 165 um in size atomized in Ar.

1600 (a) 30,000 rpm; He 1600 (b) 40,000 rpm; He | — 325um
1400 f 1400 — 60pm
Q 1200 III' Q 1200 \I' —— 905 pm
= 1000 I",_ += 1000 #} 115.5um

800 | \ 800 [ \ 137.5 ym
600 || i 1 T 1 | 600 |1 T 1 - I 1 . |—— 165um
0 5 10 15 20 25 30 0 5 10 15 20 25 30
t(ms) t(ms)
1600 (c) 30,000 rpm; He-Ar 1600 (d) 40,000 rpm; He-Ar
1400 | 1400 p\
< 1200 H\ < 1200
= 1000 |\ 21000 [
800 800
600 [ i I - ; : ] 600 1 1 - ] ; ]
0 5 10 15 20 25 30 0 5 10 15 20 25 30
t(ms) t(ms)
1600 1600
I () 30,000 rpm; Ar (f) 40,000 rpm; Ar
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< 1200 < 1200
1> 1000 | 4= 1000
800 | 800 |
600 —~ . . 600 | : : -
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Figure 7. Temperature variation in centrifugally atomized droplets of different sizes in different
atomization conditions of disk velocity and gas atmosphere.

4. Discussion
4.1. Cooling Rate Calculation

The cooling rate of the atomized droplets, assuming no phase change appears before
reaching the glass transition temperature, can be evaluated as [32]:

6h(Ty — Too)

T g
Cpid

Q)
where T is the droplet temperature, T is the temperature of the gas atmosphere, and Cp
is the specific heat capacity of the droplet. In Figure 8, the values of the cooling rate over
time for different particle sizes and atomization conditions are represented. These plots
represent the cooling rate experienced by the particles from the initial melt temperature to
the glass transition temperature T,. The case studies for 30,000 rpm are not shown due to
similarity with the 40,000 rpm cases. As mentioned before, He provides larger cooling rates,
and Ar provides the lowest cooling rates, and finer droplets are also cooled more rapidly.

A droplet of 33 um in a He atmosphere experiences a cooling rate between 2 x 10 Ks~!
and 1.5 x 10° Ks~! from the melt temperature to the glass transition temperature. In the
case of an Ar atmosphere, these values are reduced by approximately an order of magni-
tude. Comparing the different atmosphere gas cases, droplets of 137.5 um have a cooling
rate approximately an order for magnitude lower than 33 um droplets. Even finer particles
of 33 um atomized in an Ar atmosphere have a higher cooling rate than large particles of
137.5 um atomized in a He atmosphere do.
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Figure 8. Cooling rate value over time for different particle sizes and different atomization conditions:
(a) He atmosphere; (b) He-Ar atmosphere; (c) Ar atmosphere. All cases correspond to a disk velocity
of 40,000 rpm.

4.2. Comparison between Cooling Rate and Amorphous Fraction

In order to obtain comparable and interpretable results between the cooling rate and
the amorphous fraction, an average cooling rate is preferred for the entire cooling process
CR instead of T, and this is evaluated as [36]:

_nL-Tg

CR = (6)

fp —tg
where t; — t, is the time between the liquidus temperature T} and the glass transition
temperature T.

Figure 9 illustrates the average cooling rate CR as a function of particle size with the
corresponding amorphous fraction obtained from the DSC data for different gas composi-
tions. The amorphous fraction decreases rapidly for cooling rates below 6 x 10* Ks~! for
all the atomization conditions.

107 ¢
- = He 40,000 rpm
[ —— He-Ar 40,000 rpm
A
10° L 68.4% Ar 40,000 rpm
F
N, e - 66.1%
B L 63.4% - - -— _ 66.3%
T q0° L e m—_ 616%
o 3 ‘\\ 54.1% o L 9.7%
= F 53.4% — "’*
S - ° 27.5% e e
o i 0.4% Sa—
1.9% _ @
10 | A -
3 03% A 4
F 0.2% ——A
103 | 1 | | | | |
20 40 60 80 100 120 140 160 180

Particle size / ym

Figure 9. Cooling rate as a function of particle size atomized in a He, Ar, and He-Ar atmospheres at
a disk speed of 40,000 rpm. The data points represent the amorphous fraction calculated from the
DSC results for the corresponding mean particle size range.



Materials 2022, 15, 8159

11 0f 14

The maximum cooling rate is achieved in a He atmosphere, where particles of 32.5 pm
experience an average cooling rate of 7 x 10° K s~!. In an Ar atmosphere, the cooling rate
decreases an order of magnitude compared to the cooling rate achieved in a He atmosphere
for the same particle sizes. Particles of 32.5 um have an average cooling rate of an order
magnitude higher than particles of 165 um atomized in the same atmosphere. Hence,
it is concluded that He has a stronger effect than Ar, resulting in a higher cooling rate,
which is in good agreement with the literature [36,37]. This is mainly due to the thermal
conductivity of He being greater than that of Ar (1.52 x 10~! Wm~! k~! value for He and
1.77 x 1072 Wm~1 k™1 for Ar, both at 300 K, which is the initial temperature of the gas in
the atomization chamber). The particle diameter also has a strong influence on the cooling
rate and is as important as the gas atmosphere.

In a case where the same cooling rate is taken for any of the atmospheres, a similar
amorphous fraction is obtained independently of the particle size diameter. For example,
a similar cooling rate and a similar amorphous fraction are obtained for 32.5 pm particles
atomized in Ar and 120 um particles atomized in He. The same pattern is found when
comparing particles atomized in a He atmosphere that are 150 um in size and particles
atomized in Ar that are 60 um in size, whereas in this case, both appear to be almost
fully crystalline.

4.3. Effect of Gas Composition in Amorphous Fraction

The cooling rates necessary to achieve completely amorphous microstructures in Al-
based metallic glasses have been calculated theoretically for different techniques such as
gas atomization and melt spinning [11,38]. In both cases, the cooling rate was estimated to
be 10° Ks~ 1. Figure 9 shows that in a He atmosphere, although particle sizes of 45-20 pm
achieved a cooling rate of near 10° Ks~!, the amorphous fraction obtained in this work is
below 70%. However, in a He atmosphere, the amorphous fraction value is kept relatively
stable, with a slight decrease as the droplet diameter increases in particles of up to 125 pm
in size, after which the amorphous fraction decreases rapidly. In a He-Ar atmosphere, this
rapid decrease appears at particle sizes of 90 pm and at around 40 um in an Ar atmosphere.
Comparing these results with time intervals in Figure 7, a significant amorphous fraction is
obtained in all cases if the particles are cooled in at least 15 ms, which represents an average
cooling rate of 7.3 x 10* Ks~!. This cooling rate value is larger than those experimentally
determined in a laboratory with melt spinning, which are between 3 x 103 and 10* Ks~! [9].

The obtention of particles that are not fully amorphous but that achieve the required
cooling rates may be due to impurities or oxide particles from the raw material that act as
nucleation sites that favor the crystallization of the final powder [39]. Consequently, it is
difficult to obtain fully amorphous powders since these impurities may cause crystalline
phases. Commercial starting materials and commercial alumina crucibles were used in
atomization experiments, and these may be the result of a higher presence of impurities
in the atomized melt. The presence of impurities could also justify the wide variability in
the particle microstructure shown in Figure 3b depending on whether the presence of an
impurity acts as nucleation point in the atomized droplet.

Although a fully amorphous fraction has not been achieved in any particle size range,
a significant amorphous fraction is obtained in particle sizes of up to 125 um atomized in
a He atmosphere. This demonstrates that centrifugal atomization is able to achieve high
cooling rates, even in large particles.

Another aspect that can contribute to crystallization is melt superheat. Some in-
vestigations have concluded that a lower melt superheat temperature contributes to the
cooling path not reaching the crystallization zone in the time-temperature-transformation
diagram [40]. A high melt superheat of 1605 K was used in the atomization runs (400 K
above liquidus temperature) to guarantee the complete melting of the starting materials and
to avoid possible melt solidification in the atomization disk. In this study, the cooling effect
of the atomization disk in the melt is an aspect that has been assumed to have no significant



Materials 2022, 15, 8159

12 of 14

influence, but detailed analysis should be required to estimate the initial temperature of
the droplet when it is expelled from the atomization disk.

4.4. Effect of Disk Speed in Amorphous Fraction

Particles atomized at different disk speeds do not show a significant change in the
microstructure. Theoretical results show a minor decrease in the cooling rate at lower
disk speed, and there is also a slight reduction in the amorphous fraction for particles
atomized at 30,000 rpm compared to particles atomized at 40,000 rpm. The experimental
and theoretical results show that disk velocity does not contribute to an increase in the
cooling rate of the particles. An increase of 33% in the disk velocity, and therefore in the
droplet initial velocity, while contributing to the increase in the heat transfer coefficient
between the droplet and the surrounding gas, has no significant effect on the cooling rate
compared to other variables such as droplet diameter and the gas atmosphere. Nevertheless,
disk velocity will have a strong influence on obtaining finer droplets and will contribute to
the overall yield to obtain powders with a higher amorphous fraction.

5. Conclusions

Powder samples of AlggNigY4s5Lay 5 glass-forming alloy were atomized by centrifugal
atomization technology. The influence of processing parameters such as disk speed and
gas composition was studied. Most of the powders were spherical in shape, while the
surface morphology was different for the finer and the coarser powders. Powders of
particle sizes below 45 um mainly had a smooth morphology where no optically detectable
microstructure was identified. However, as the particle size increased, partially crystalline
and fully crystalline microstructures were observed.

The volume fraction of the amorphous phase for various particle size ranges were
determined from DSC analysis. Centrifugally atomized particles synthesized in a He
atmosphere resulted in an amorphous fraction of around 70% for particle sizes <45 um
and between 50% and 65% for particle sizes <125 um. However, particles atomized in
an Ar atmosphere resulted in an amorphous fraction of 55% for particle sizes <45 um,
and this value decreased sharply as the particle size increased. Limitations in achieving a
fully amorphous fraction might be due to the presence of nucleants in the melt during the
atomization process.

The cooling rate experienced by centrifugally atomized powders was determined the-
oretically. As expected, the cooling rate increases as the particle size decreases.
A cooling rate of 7 x 10° Ks~! for particles of 32.5 um atomized in a He atmosphere
was obtained, and this value was reduced by one order of magnitude for particles atomized
in an Ar atmosphere. As for the disk speed, no significant increase in the amorphous
fraction was observed as the disk speed increased from 30,000 rpm to 40,000 rpm.

The results show that the centrifugal atomization technique is able to achieve cooling
rates that are high enough to obtain an amorphous fraction above 50% in particle sizes
of up to 125 pm using a He atmosphere. Although more research is necessary to achieve
a higher amorphous fraction, it is demonstrated that centrifugal atomization is a viable
technique for obtaining amorphous powders of larger particle sizes in alloys with a low
glass-forming ability, such as Al-based metallic glasses.
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CHAPTERS

Discussion and conclusions

5.1 Combining the atomization conditions and methods: a
comparison.

During the centrifugal atomization process, it became evident that the key parameters
influencing the control of cooling rate values were the gas composition within the atomization
chamber and the rotational speed of the disk. In contrast, the implementation of a
complementary hybrid system did not yield significant differences in terms of altering particle
size or cooling rate values.

These findings were supported by a mathematical model that accounted for the temperature
differences between the gas and the droplet during the centrifugal atomization process. This
model provided a theoretical framework to understand the thermal behavior of the system and
helped elucidate the factors influencing cooling rates. By considering the temperature gradients
between the gas environment and the atomized droplets, the model facilitated the identification
of optimal conditions for achieving the highest cooling rates, and with the integration of
experimental results, the complex dynamics involved in centrifugal atomization was tackled.

The resulting characteristics of the powder were found to be depended upon the process
parameters and atomization strategy, which influenced the cooling conditions and,
consequently, the cooling rates and amorphous fractions. To consolidate the main findings, a
comprehensive table (Table 3) has been constructed to compare results across different
atomization parameters. This diagram provides a visual representation of the effectiveness of
each parameter in reducing particle size, refining microstructure, increasing cooling rates, and
enhancing amorphous percentage during centrifugal atomization.

In the table, symbols were used to denote whether each parameter led to an increase (1"),
decrease (4 ), or neutral effect (N), with the number of arrows indicating the magnitude of the
effect. Notably, it has been demonstrated once more that the primary parameter governing
particle size distribution is the disk speed. This observation holds true for the materials atomized
during this investigation. For instance, in copper powder, there was a notable change in the
median particle size from 68.1 um when atomized at 35,000 rpm to 88.3 microns when atomized
at a lower disk speed of 15,000 rpm. Similarly, in the AINiYLa obtained powder, the median
particle size decreased from 136 um for particles atomized at 30,000 rpm to 90 um for particles
atomized at 40,000 rpm. This finding is crucial to consider, especially when aiming to produce
amorphous powder, as smaller particle sizes are associated with higher cooling rates.

The external stream of gas did not exhibit a significant effect on particle size, although it did
influence the grain size of the Cu powder. Specifically, an increase in the flow rate of the gas
stream resulted in a decrease in grain size, although to a minimal extent. However, a factor that
did have a profound impact on the microstructure of the atomized powder was the gas
composition within the atomization chamber.
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Table 3. Centrifugal atomization outcome variables/imput parameters studied. The arrows

demonstrate increase (1), decrease (), Neutral (N) and not studied (-).
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Notably, a combination of 50% He and 50% Ar, as well as 100% He, led to a decrease in
secondary dendrite arm spacing (SDAS) measurements. For instance, for particles sizes of 32.5
pum, the SDAS decreased from 2 um to 1 um for those atomized in an Ar and He atmosphere,
respectively. Furthermore, particles produced in a He atmosphere with a size larger than 180 um
showed no indication of an amorphous structure, whereas those produced in an Ar atmosphere
exhibited this limit at 75 um. These observations highlight that He has a stronger cooling effect
compared to Ar.

From Table 3 it becomes evident that not all parameters were capable of achieving the
desired cooling rates, and consequently, the desired amorphous structure. This suggests that
ongoing efforts should focus on enhancing the efficiency and effectiveness of the atomization
system to achieve this desired outcome. In an ideal scenario, the centrifugal atomization process
would yield a high yield of fine, amorphous, and spherical particles. This may involve the further
refinement of the complementary hybrid atomization system with optimizing various
parameters such as gas composition, disk speed, and other operational variables to ensure the
production of powders with the desired properties characteristics.

5.2 Conclusions

Al-based glass-forming alloys offer significant advantages over conventional aluminum
alloys, presenting a promising route for engineering applications. However, their low glass-
forming ability (GFA) has posed challenges in production, restricting their use to techniques
capable of providing rapid cooling rates. Atomization of these alloys is particularly challenging,
as it may lead to crystallization due to limitations in cooling rates and GFA. While production of
Al-based metallic glasses has been produced using other atomization processes such as gas and
water atomization, centrifugal atomization presents several distinct advantages.

This PhD thesis has contributed novel process guidelines for the centrifugal atomization of
Al-based glass-forming alloys. To address this, detailed studies were conducted on the centrifugal
atomization process with the aim of proving and developing the production of Al-based glass-
forming alloys, with the potential for extension to other alloys in the future. To achieve this goal,
it was imperative to thoroughly characterize the centrifugal atomizer equipment used in this PhD
thesis, particularly in terms of its capacity to achieve desired cooling rates. For this purpose,
various parameters and strategies of atomization were investigated, including the development
of a complementary hybrid system, increasing the melt superheat temperature, the variation of
the gas composition, and increasing the disk speed of atomization.

Hybrid atomization process

In Paper |, the impact of an external stream of gas at the periphery of the disk on the
production of Cu powder was thoroughly examined. The primary findings revealed that the
particle grain size exhibited a tendency to decrease with the increase in the flowrates of the
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external gas stream. Notably, this effect was more pronounced at lower speeds of atomization,
attributable to the additional velocity component introduced by the gas stream.

However, despite the introduction of this complementary system, it was anticipated that a
decrease in particle size distribution compared to the conventional centrifugal atomization
method would be observed. The underlying hypothesis was that the gas stream would serve to
further break the droplets immediately after their ejection from the disk. Yet, it was observed
that a higher flowrate of gas was necessary for this effect to manifest. Flowrates ranging from
100 to 200 L/min proved to be only sufficient to reduce the grain size within the particle, rather
than causing droplet fragmentation itself.

Consequently, the hybrid complementary system was excluded from subsequent
atomization approaches aimed at enhancing the cooling rate of the atomized particles. Instead,
the focus shifted towards characterizing the traditional centrifugal atomization process in terms
of cooling rates, both theoretically and experimentally.

Increasing melt superheat

The impact of an increased melt superheat temperature on the characteristics of the
resulting Al-Cu powder was investigated in Paper Il. It is widely acknowledged that elevating the
melt superheat temperature leads to an increased temperature gradient in the melt, which can
deactivate impurities, dissolve intermetallic remnants, elevate the diffusion coefficient, and
reduce undercooling [156]. However, varying the melt superheat temperature is a complex
process, as elevated temperatures may induce chemical reactions with the crucible, potentially
triggering crystallization.

In paper Il, the results indicated that increasing the melt superheat temperature from 200 K
to 450 K did not yield significant outcomes. Both particle size and particle size distribution
remained unaffected by the melt superheat temperature, as well as no changes on the cooling
rate values were found. Consequently, it can be said that the melt superheat does not influence
the cooling history of the particles. However, it remains a crucial parameter to ensure proper
melting of the starting materials and prevent potential melt solidification on the atomization
disk.

Effect of the gas composition

In Papers Il and lll, both Al-Cu alloy and AINiYLa alloy were subjected to atomization in both
argon (Ar) and helium (He) atmospheres. Prior research on gas atomization has demonstrated
that particles atomized in a helium atmosphere can be sufficiently cooled to achieve the same
amorphous fraction as particles twice their size atomized in a nitrogen or argon atmosphere [20].

Paper Il further elucidated this point by revealing in a He atmosphere, the amorphous
fraction value remained relatively stable, exhibiting a slight decrease as the droplet diameter
increased in particles up to 125 um in size. However, beyond this threshold, the amorphous
fraction decreased rapidly. Conversely, in a He-Ar atmosphere, this abrupt decrease occurred at
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particle sizes around 90 um, while in an Ar atmosphere, it was observed at approximately 40 um.
These findings underscore the superior cooling effect of helium compared to argon.

While helium is approximately ten times more expensive than argon from an economic
standpoint, centrifugal atomization presents a distinct advantage in terms of gas consumption.
This is due to the fact that helium is only used to fill the atomization chamber, while the
atomization process itself is carried out by the atomization disk. Therefore, employing helium in
the centrifugal atomization process for producing amorphous powder emerges as a promising
approach from an economic perspective.

Effect of the disk speed

In both papers | and lll, an exhaustive examination was conducted on the impact of disk
speed, ranging from 15,000 rpm to 40,000 rpm. It is widely acknowledged within the realm of
centrifugal atomization that disk speed stands as the primary determinant governing the particle
size of the atomized droplets. However, while disk speed exerts a pronounced influence on
particle size, its effect on microstructure appears comparatively subtle. This minor effect was
exposed in paper lll, where it was observed that variations in disk speed resulted in only marginal
alterations in microstructural features for the same particle size. Specifically, a minor reduction
in the amorphous fraction was seen among particles atomized at 30,000 rpm compared to those
atomized at 40,000 rpm. It became evident that variables such as particle diameter and gas
atmosphere exerted a more substantial impact on the cooling rate of the particles, thereby
producing significant modifications in microstructural characteristics.

Theoretical heat transfer model

In Paper IlI, the significance of evaluating the thermal properties of the gas at specific
temperatures became evident in the quest for achieving the most accurate cooling rate values
possible. The crucial aspect lies in the understanding that even a difference of one order of
magnitude in the cooling rate values can delineate the boundary between obtaining an
amorphous or crystalline structure.

When comparing the theoretical and experimental calculations of cooling rates, the
superiority of evaluating the thermal conductivity k; using the Whitaker correlation at the film
temperature Ty over evaluating it at the ambient temperature T, remains uncertain. For smaller
particle sizes, correlating the properties of the gas at ambient temperature seems to yield better
results when comparing both theoretical and experimental approaches. However, as particle size
increases, evaluating the thermal conductivity k, at the film temperature Ty tends to offer more
accurate outcomes. Nevertheless, it is acknowledged that utilizing k; at ambient temperatures
for calculating the convective heat transfer coefficient h. may introduce errors in systems with
higher temperatures.

In this regard, it is advisable to address the evaluation of thermophysical properties of the
gas for the centrifugal atomization process using Whitaker's correlation. This approach accounts
for temperature variations by considering the ratio of dynamic viscosities at the droplet surface

83



temperature T, and the ambient temperature T4, while also evaluating the thermal conductivity
of the gas kg from the Nusselt number at the film temperature Ty

Overall, the process and cooling conditions of centrifugal atomization can be summarized as
depicted in Figure 18. The atomization temperature is dependent upon factors such as the melt
temperature, melt superheat temperature, and the heat loss from the melt stream passing
through the nozzle of the crucible. Moreover, the thermal history of the droplets is intricately
tied type of gas in the atomization chamber, to the distribution of the melt in the disk and the
mode of droplet disintegration, which are governed by variables such as the disk material, disk
geometry, and disk velocity. Ultimately, these factors collectively determine the characteristics
of the obtained powder.

e Alloy selection (viscosity, Surface tension, density, etc.) A
eMelt temperature and superheat temperature
*Nozzle diameter
\VICUREECEN o \elt flowrate
J
N\
*Type of gas
*Nozzle diameter
INCINIPELC o Disk material, disk geometry and disk velocity
process )

eParticle size, particle size distribution, shape, and surface roughness
eParticle porosity
eImpurities (oxygen, etc.)

Atomized
particles eMicrostructure: crystalline, partially-amorphous, and amorphous

Figure 18. Process conditions during molten metal centrifugal atomization.

The central research question aimed to ascertain whether the centrifugal atomization
process could attain the necessary cooling rates for the production of metallic glasses powder.
Through rigorous investigation, it was observed that achieving such rates is indeed feasible under
specific conditions and atomization parameters. By optimizing these variables, it became evident
that it is possible to significantly enhance cooling rates, consequently leading to a higher
amorphous fraction in the synthesized powder. These findings underscore the potential of
centrifugal atomization as a viable and efficient method for producing metallic glasses powders
with desired amorphous characteristics, paving the way for advancements in materials science
and engineering applications.
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5.3 Outlook

High rotation speeds

Despite recognizing the significant role of the gas type in amorphous powder production, it
has become evident that the resulting particle size is distinctly governed by the disk speed. With
increasing disk speed, there is a corresponding decrease in particle size. As observed, smaller
particle sizes lead to a higher fraction of amorphous powder, which is desirable for processes like
additive manufacturing. Consequently, a crucial question arises: What is the maximum velocity
that the centrifugal atomization disk can achieve to consistently produce smaller particle sizes?
Theoretically, this velocity can be calculated as depicted in Figure 2.7, which illustrates that with
increasing disk velocity, it becomes progressively more challenging to attain smaller particle
sizes.

Moreover, achieving high rotation speeds in a centrifugal atomizer can often be challenging
due to the scarcity of robust, vibration-free high-speed motors. In the USA, Europe, and Japan,
numerous producers utilize spinning disk methods with speeds ranging from 30,000 to 60,000
rpom for low melting point metals [157]. Another centrifugal atomization design tailored for
superalloy powder production has been developed to address challenges associated with
handling high melting and aggressive alloys. This process, called Rapid Solidification Rate Process
(RSR) involves a high-speed water-cooled rotating disk, reaching speeds of up to 50,000 rpm,
enabling cooling rates of up to 10° K/s [158]. A curtain of helium jets is directed towards the
atomized droplets. However, challenges persist, as there are reported issues with skull formation
leading to out-of-balance forces in the disk.

As can be seen, increasing the speed of the disk in centrifugal atomization processes can lead
to significant challenges, and up to date it has several limitations. On the one hand, as the
rotational speed rises, the heightened force can lead to imbalances that can cause mechanical
damage to the system itself, posing risks to its stability. Achieving a vibration free high-speed
motor requires precise engineering and design considerations that are yet to be fully realized.

On the other hand, when atomizing high-melting-point metal alloys, the challenge of cooling
the disk becomes apparent. The disk requires cooling to mitigate thermal shock that could
disrupt its proper function. However, cooling the disk also increases the skull formation, which
can disrupt the atomization process. Consequently, addressing these issues is not a
straightforward task, and further technical development is still necessary.

Including fluxing agents

Some strategies to enhance the amorphous fraction obtained could involve the utilization of
fluxing agents to improve the glass-forming ability of certain alloys. For instance, in the case of
the glass-forming alloy FesoNisoP14Bs, it was observed that the critical cooling rate decreased by
three orders of magnitude when fluxed with B,O5 [159]. This reduction occurs because impurities
can be sequestered in the fluxing agent if the major constituent elements in the melt exhibit a
lower affinity to oxygen compared to boron.
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Additionally, salts have emerged as another area of investigation [160]. Typically, salts
increase the wettability of the melt, thereby enhancing the separation of oxide inclusions. For
example, in Al-based glass-forming alloys, chloride fluxing agents have demonstrated the
capability to float on the surface of the melt and subsequently absorb oxide impurities through
agglomeration [161].

It is important to take into account that during the centrifugal atomization process employed
in this PhD thesis, the elements and alloys required to prepare the material for atomization are
melted in a crucible using induction melting at the same time as the atomization process is
conducted. This means that the alloy is not pre-prepared and then remelted. Consequently, if a
fluxing agent is to be used to separate oxide impurities from the melt, the alloy would need to
be prepared beforehand which introduces an additional step to the current process
implementation.

Further experiments extended to other materials

Despite the absence of a comprehensive and universally applicable criterion for selecting
compositions with high forming ability, extensive knowledge exists regarding various
compositions for producing metallic glasses [9]. However, it is noteworthy that atomization
techniques have predominantly focused on applications currently in development, such as Al
and Fe alloys. In the realm of Fe alloys, both water and gas atomization techniques have been
extensively studied, yielding promising results [10,16,17,162].

Further exploration into the centrifugal atomization of Fe glass-forming alloys is highly
recommended, given their expanding applications and potential benefits [163]. One of the
primary challenges associated with centrifugal atomizing Fe alloys is addressing their high
melting point when they come into contact with the atomization disk. This presents a risk of
thermal shock to the disk, which could compromise its integrity. Therefore, the implementation
of a refrigeration system on the disk is required to effectively manage the process and ensure
successful atomization without causing damage to the entire disk-motor system. However,
overcoming this issue and successfully producing Fe glass-forming alloys with the prominence
they exhibit today would be highly beneficial for various industrial applications [164].
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