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ABSTRACT

The recycling of Nd-Fe-B magnets has garnered increasing attention due to the substantial
volume of End-of-Life magnets, particularly from electric motors and wind generators. These
magnets are highly valued for their rare earth element content, which is in significant demand
for various technological applications. Recycling Nd-Fe-B magnets is a vital strategy for
addressing resource scarcity and environmental sustainability challenges. Hydrogen-based
methods, such as Hydrogen Decrepitation (HD), have been investigated for recycling these
magnets by transforming them into powder suitable for reuse. Previous studies have examined
reprocessing this powder into new, fully dense magnets. However, this approach can present
certain drawbacks concerning the quality of the final magnets. The use of recycled powder as
raw material for Additive Manufacturing (AM) to produce bonded magnets has not been
extensively explored. Laser Powder Bed Fusion (LPBF) offers sustainable production methods
with minimal waste during processing. Nonetheless, preparing recycled raw material for LPBF
presents challenges due to its diminished magnetic properties following HD processing.
Therefore, further development of the recycled powder is necessary to optimize its magnetic
properties. This study investigates the use of hydrogen processing to prepare suitable recycled
powders for LPBF. The process includes HD to transform the bulk End-of-Life magnet into
powder, followed by Hydrogenation, Disproportionation, Desorption, Recombination (HDDR)
to enhance coercivity and remanence values, thereby making it a suitable raw material for
LPBF. Despite existing research on these processes, their specific roles in preparing recycled
raw material for LPBF have not been thoroughly described. Additionally, this study examines
the characteristics of recycled HDDR powder for producing bonded magnets through AM.
Recycled HDDR powder with coercivity values up to 850 kA/m was successfully produced and
incorporated into the feedstock composition for LPBF. The microstructure and magnetic
properties of the printed bonded magnets are analyzed and compared with previous works in
the literature. The findings of this study have significant implications for the production of
recycled Nd-Fe-B bonded magnets using LPBF. Utilizing HDDR-processed rare earth powders
as feedstock has the potential to reduce dependency on costly rare earth components and
provide a more environmentally friendly approach to producing high-performance magnets.

Key words: Nd-Fe-B magnets; Recycling; Hydrogen Decrepitation (HD); Hydrogenation,
Disproportionation, Desorption, Recombination (HDDR); Laser Powder Bed Fusion (LPBF).



RESUMO EXPANDIDO EM PORTUGUES

Introducio e Objetivos

Elementos de Terras Raras (ETR) sdo vitais em imas de alto desempenho, como em ligas a base
de Nd-Fe-B, usadas em sistemas de energia renovavel, veiculos elétricos e eletronicos. A
demanda global por ETR esta aumentando, mas a escassez de oferta e as flutuagdes de precos
representam riscos. Tensdes geopoliticas podem interromper cadeias de suprimento, destacando
a necessidade de estratégias eficazes de gestdo. A dominancia da China no mercado de ETR
levanta preocupacdes de dependéncia, levando a um impulso global por alternativas como
reciclagem e reprocessamento de imads de TR.

Reutilizar imas em fim de vida melhora a sustentabilidade da cadeia de suprimentos ao
reaproveitd-los para outras aplicacdes. No entanto, a reutilizagdo direta ¢ dificil devido aos
requisitos de desmontagem e possiveis danos durante a desmagnetizagdo térmica. O
reprocessamento ¢ uma opg¢ao mais vidvel, com métodos como a refusdo da liga ou difusao
redugdo com calcio. O processo de Decrepitacao por Hidrogénio (HD), que transforma imas
Nd-Fe-B em fim de vida em p6 sob uma atmosfera de hidrogénio, ¢ particularmente eficiente
para reciclagem e reutilizagdo. O p6 de Nd-Fe-B pode ser reprocessado em um novo ima
sinterizado usando técnicas convencionais de metalurgia do pé6 ou um método inovador
aproveitando sua forma em pd. Com propriedades adequadas, ele serve como um material ideal
para a tecnologia de Fusao em Leito de P6 a Laser (FLPL), um processo de Manufatura Aditiva
(MA) que minimiza o desperdicio e promove a produgao eficiente de componentes. Um grande
desafio na preparacao de matérias-primas recicladas para FLPL ¢ alcancar o maximo produto
energia dos imas Nd-Fe-B. Isso envolve uma combinagdo entre elevadas propriedades
intrinsecas da fase ferromagnética e uma microestrutura adequada resultante de algum
processamento. Apds o processo HD, os valores de propriedades magnéticas das particulas
recicladas sao baixas, limitando seu uso direto em FLPL. Etapas adicionais de processamento
sdo necessarias para melhorar a coercividade e remanéncia no p6. Um método para ajustar as
propriedades magnéticas ¢ controlando a microestrutura através de técnicas especificas de
processamento. O processo de Hidrogenacao, Despropor¢ao, Dessor¢dao, Recombinagao
(HDDR) refina efetivamente os graos da fase ferromagnética dura e promove alta coercividade
no po.

Este estudo examina a preparagao e avaliagao de p6s reciclados de Nd-Fe-B para FLPL. Propde
um método para gerar matéria-prima reciclada a partir de imas de Nd-Fe-B em fim de vida
utilizando dois processos por hidrogénio (HD e HDDR). Embora esses processos sejam
amplamente documentados na literatura, sua aplicagdo na preparagdo de matéria-prima
reciclada especificamente para FLPL nao foi anteriormente explorada. Além disso, o estudo
investiga a utilizacdo desse material reciclado em FLPL e avalia como as propriedades do p6
HDDR influenciam a producdo de imas compositos feitos por MA.

Metodologia

Neste estudo, foram utilizados pds ferromagnéticos a base de Nd-Fe-B e um sistema de ligante
composto por poliamida 12 (PA-12). Esses pos ferromagnéticos foram obtidos a partir de imas
em fim de vida (classe N42) que foram previamente utilizados em turbinas edlicas. O sistema
de ligante PA-12 utilizado neste estudo foi obtido da classe DuraForm PA2200, que ¢ fabricada
pela 3Dsystems, um conhecido fornecedor de matérias-primas para impressao 3D. A escolha
da PA-12 foi baseada em suas propriedades tecnologicas e térmicas, que a tornam adequada



para o processamento a laser. A metodologia para o processamento utilizada neste trabalho
envolve trés etapas principais, sendo estas a produgao do p6 ferromagnético, produgado da carga
de impressao e impressao de imas compositos. A etapa inicial envolve a transformagao do ima
em fim de vida em um po fridvel com propriedades tecnolégicas adequadas para utilizagdo em
FLPL. O p6 resultante deve exibir altos valores de coercividade, tornando-o adequado para a
producdo de imds compositos. Este processo de transformacdo emprega duas técnicas de
processamento por hidrogénio: Decrepitacdo por Hidrogénio (HD) e Hidrogenagao,
Desproporg¢do, Dessor¢do, Recombinacdo (HDDR). Esses métodos sdo utilizados tanto na
pulverizagdo quanto no endurecimento magnético do p6. Durante a etapa de produgdo da carga
de impressdo, o p6 ferromagnético derivado do processo anterior ¢ combinado com Poliamida
12 (PA-12) em diferentes fragcdes volumétricas (30, 45, e 60% vol. PA-12). Esta combinacao ¢
utilizada para investigar e analisar varias composigdes de matéria-prima e sua influéncia nas
propriedades finais dos imads compositos impressos. Na etapa final, imas compdsitos sdo
produzidos usando uma maquina protétipo de manufatura aditiva por FLPL. Apos a producao,
os imds compositos reciclados de Nd-Fe-B sdo submetidos a andlises de microestrutura e
avaliacao de suas propriedades magnéticas

Resultados e Discussao

A analise microestrutural do ima em fim de vida revelou caracteristicas sobre seus constituintes
e integridade. Através da microscopia eletronica de varredura, fases distintas dentro do ima
foram reveladas, dentre estas a fase Nd.FeisB (@) e a fase rica em Nd. A integridade
microestrutural do imd em fim de vida, incluindo a preservacao da fase ¢, foi confirmada
através da analise da estrutura do dominio magnético. Os padrdes labirinticos observados nas
estruturas de dominio magnético tanto do ima em fim de vida quanto de um ima comercialmente
disponivel indicam a retencdo de caracteristicas criticas necessarias para imas de Nd-Fe-B
reprocessados de alta qualidade. No entanto, o processo de reciclagem pode introduzir desafios
relacionados a absor¢do de carbono e oxigé€nio, que podem impactar negativamente as
propriedades magnéticas, especialmente em imas de Nd-Fe-B sinterizados. Os niveis iniciais
mais altos de oxigénio e carbono em ima em fim de vida, agravados por possiveis aumentos
durante o reprocessamento, exigem consideracdo cuidadosa para manter e otimizar as
propriedades magnéticas em imas reciclados.

A caracterizagdo magnética do pd decrepitado fornece informagdes sobre suas propriedades e
potenciais aplicagdes em processos de MA. As propriedades magnéticas subotimas do po,
indicadas por seus baixos valores de remanéncia (0,18 T) e coercividade (70 kA/m), ressaltam
a importancia de entender os fatores que influenciam essas baixas propriedades. A presenca de
hidrogénio em solugdo solida e a formacao de a-Fe durante o processo HD contribuem para a
coercividade reduzida do po. A andlise microestrutural revela a presenca de graos poliédricos
originados da fase @, bem como fissuras e irregularidades induzidas pelo processo HD. Essas
caracteristicas afetam as propriedades tecnologicas do pd, como fluidez e densidade de
empacotamento, que sdo criticas para processos de manufatura aditiva como FLPL. Para
garantir a adequacdo do p6 HD para aplicagdes am MA, processos de peneiramento sdo
realizados para atingir a distribui¢cdo de tamanho de particulas recomendada. Apesar da minima
coercividade dentro da faixa de tamanho desejada, o pd pode passar por processamento
adicional, como HDDR, para ajustar sua coercividade conforme necessario.

A otimizagdo do tratamento HDDR focou principalmente na variagdo da temperatura de
patamar, pois foi identificada como o fator mais influente na determinacdo dos valores de
coercividade. As curvas de desmagnetizacdo das amostras processadas em diferentes



temperaturas de HDDR revelaram um aumento significativo nos valores de coercividade com
patamares de temperatura mais elevados. O processamento a 940 °C resultou em um valor de
coercividade de 850 kA/m, representando uma melhoria substancial em relacdo ao p6 HD
inicial. A comparagdo com pds comercialmente disponiveis demonstrou que o p6 HDDR
alcangou valores de coercividade comparaveis aos padroes da industria. Isso sugere a
viabilidade de usar matérias-primas recicladas para produzir imas compdsitos usando FLPL. A
analise microestrutural revelou que o processo HDDR manteve o aspecto geral do p6é enquanto
refinava a estrutura do grao. A morfologia irregular das particulas apos o processamento HDDR
pode impactar propriedades tecnoldgicas como fluidez e densidade de empacotamento, criticas
para FLPL. A diminuicdo do contetido de hidrogénio apds o processamento HDDR indica
recombinacao e remoc¢do bem-sucedidas do hidrogénio, essenciais para restaurar a fase
NdxFe14B e alcangar os valores de coercividade desejados. Embora um aumento no conteudo
de oxigénio tenha sido observado apds o processamento HDDR, isso ndo prejudicou
significativamente a rota de reprocessamento escolhida neste estudo.

A secdo final deste estudo envolveu o uso do p6 reciclado desenvolvido em FLPL para fabricar
imds compositos impressos. Em relacdo a caracterizacdo geométrica dos imas obtidos, os
valores de densidade e porosidade variaram significativamente dependendo da fracdo
volumétrica de ligante polimérico (PA-12) na carga de impressao, com concentragdes mais altas
resultando em imds mais densos € com menor porosidade. A imagem de MEV forneceu
confirmacao visual das caracteristicas microestruturais, revelando a presenca de poros € a
distribui¢ao das particulas HDDR dentro da matriz polimérica.

Em relacdo as propriedades magnéticas dos imds impressos, a diminui¢do observada nos
valores de coercividade em relagao ao p6 HDDR foi atribuida a rotagao das particulas HDDR
durante a magnetometria, facilitada pela ligacao incompleta entre as particulas ferromagnéticas
e a matriz de PA-12. Os resultados também sugerem a possibilidade de mudangas
microestruturais nas particulas ferromagnéticas afetadas pelo laser durante o processo de FLPL,
potencialmente explicando a diminuicdo observada na coercividade. Mais pesquisas sao
necessarias para elucidar a relagdo entre variaveis de processamento e coercividade,
particularmente no que diz respeito as caracteristicas unicas do p6 HDDR derivado de imas em
fim de vida.

Consideracoes Finais

As comparagdes com a literatura existente evidenciam a competitividade dos imas compositos
desenvolvidos neste estudo, especialmente considerando o uso de p6 HDDR reciclado
proveniente de imas em fim de vida. O estudo demonstrou que os imas fabricados por impressao
3D, mesmo sem a otimizagdo dos parametros de processamento, apresentaram valores de
coercividade comparaveis aos obtidos com o uso de p6 comercial esférico de Nd-Fe-B. Esses
resultados destacam o potencial dos materiais reciclados para aplicagdes em MA.

Uma caracteristica notavel do material particulado derivado da reciclagem e reutilizacdo de
imads em fim de vida ¢ sua capacidade de criar pds com textura cristalografica através do
processo de HDDR. Especificamente, o processo d-HDDR produz pds anisotrdpicos que podem
ser alinhados durante ou apds o processamento a laser em MA. Este alinhamento facilita a
potencial otimizacdo dos valores de remanéncia dos imas reciclados produzidos por FLPL.
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1INTRODUCTION AND OBJECTIVES

In the context of the rapidly advancing technological landscape, the significance of rare-
earth elements (REEs) in the fabrication of high-performance permanent magnets cannot be
overstated. These magnets, predominantly comprising neodymium-iron-boron (Nd-Fe-B)
alloys, serve as essential components underpinning a wide array of contemporary technological
advancements. Their applications extend from renewable energy systems, such as wind turbines
and electric vehicles, to consumer electronics including smartphones and laptops [1].

The escalating global demand for rare-earth materials presents a substantial challenge,
primarily due to the heightened risk of supply scarcity and price volatility, which can destabilize
economic conditions. Additionally, the supply chain for these elements is vulnerable to
disruptions caused by geopolitical tensions and international trade disputes [2]. These factors
collectively necessitate the development of effective strategies to manage the supply and
demand of these critical components, thereby ensuring the continued progress and development
of a technology-dependent society.

China is currently the world's predominant source of REEs, notably Nd, Pr, and Dy.
This monopolistic control by a single nation over such critical resources has raised significant
concerns regarding global dependence. The implications of this dependency are extensive,
necessitating a concerted global response. Consequently, there has been a substantial surge in
the exploration of alternative solutions aimed at mitigating this reliance. These strategies
encompass the discovery of new reserves and the advancement of technologies capable of
efficiently recycling these elements. Recent years have witnessed a marked increase in research
activities dedicated to the recycling and reprocessing of rare earth-based magnets. This trend is
a global phenomenon, reflecting a collective endeavor to tackle this critical issue [3, 4].

Permanent magnets based on rare-earth alloys contain a significant proportion of REEs,
comprising approximately 30% of their composition [5]. This substantial presence of REEs in
permanent magnets presents an opportunity for these materials to serve as a secondary source
of rare-earth elements. Despite the vast potential of REE recovery, the current recycling rates
remain alarmingly low, at less than 1% [6]. Several factors contribute to this low recycling rate,
including inadequate logistics for the collection of REE-containing products, limited
information regarding the quantities of available RE materials for recycling, and product

designs that do not facilitate easy recycling.
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Given the economic significance of REEs and the considerable risks associated with
their supply chain, the European Commission has classified REEs as critical elements [2, 6].
This classification highlights the urgency and importance of improving recycling rates and
developing more sustainable practices in the utilization of REEs. Increasing the efficiency of
REE recycling processes is essential to ensure a stable and secure supply of these critical
materials, which are vital for numerous technological applications.

A promising strategy for enhancing supply chain sustainability is the reuse of End-of-
Life magnets. This approach involves repurposing used magnets for different components or
applications. However, direct reuse is challenging due to the need for disassembly, which often
requires high temperatures for thermal demagnetization [7]. This process can potentially
damage the magnet’s coating or degrade its performance [8], making direct reuse less ideal.
Consequently, reprocessing has emerged as a more viable strategy. Various methods for
reprocessing have been documented in the literature, ranging from direct remelting of the alloy
[9] to reduction diffusion with calcium [10]. Despite these approaches, they have been found to
be less efficient compared to those involving hydrogen [11, 12]. Among these, the Hydrogen
Decrepitation (HD) process, which is conducted under a hydrogen atmosphere, is particularly
noteworthy. This method transforms Nd-Fe-B End-of-Life magnets into powder, facilitating
their recycling and reuse.

The Nd-Fe-B powder can be reprocessed into a new sintered magnet through
conventional powder metallurgy techniques [13]. Alternatively, it can be utilized in a novel
processing method that capitalizes on its powder form. When prepared with the appropriate
technological and magnetic properties, the powder serves as an ideal raw material for Laser
Powder Bed Fusion (LPBF) technology [ 14, 15]. This Additive Manufacturing (AM) approach
offers significant advantages, including minimal material waste, thereby promoting a
sustainable and efficient production method [16].

A significant challenge in the preparation of recycled raw materials for LPBF is
achieving the high maximum energy product characteristic of Nd-Fe-B magnets. This
development involves a complex interplay of factors, including the intrinsic properties of the
ferromagnetic phase and the microstructure resulting from processing. Following the HD
process, the magnetic properties of the decrepitated particles are notably low. This limitation
restricts the direct application of the HD product in LPBF processing. Consequently, additional
strategic processing steps are essential to enhance the coercivity and remanence values in the

powder [17].
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A viable method to tailor magnetic properties involves controlling the microstructure
resulting from specific processing techniques. One effective strategy for refining the grains of
the hard ferromagnetic phase and simultaneously promoting high coercivity values in the
powder is the Hydrogenation, Disproportionation, Desorption, Recombination (HDDR)
process [18, 19].

This study examines the preparation and evaluation of recycled Nd-Fe-B powders for
LPBF. It proposes a method to generate recycled raw material from End-of-Life Nd-Fe-B
magnets by employing two hydrogen-based processes (HD and HDDR). Although these
processes are extensively documented in the literature [11, 12, 20, 21], their application in
preparing recycled raw material specifically for LPBF has not been previously explored.
Furthermore, the study will investigate the utilization of this recycled material in LPBF and

assess how the properties of HDDR powder influence the production of bonded magnets.

To achieve the research goals, the following specific objectives were established:

e To utilize HD to transform the End-of-Life bulk magnet into a friable powder.

e To assess the suitability of HD powder as a feedstock for LPBF by performing a sieving
process using a 106 um sieve. This procedure follows established literature insights [22
— 24] to ensure adherence to recommended particle size and distribution standards.

e To generate high coercive powder through the Hydrogenation, Disproportionation,
Desorption, Recombination (HDDR) process.

e To identify the optimal set of HDDR processing parameters that yield a coercivity value
of approximately 800 kA/m for the powder. This target is based on findings from prior
optimizations in other studies [25, 26], demonstrating the feasibility of using the
produced recycled material in LPBF processes.

e To manufacture bonded magnets employing the LPBF additive manufacturing
technique.

e To characterize the as-printed bonded recycled magnets in terms of their microstructural

and magnetic properties.
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2FUNDAMENTATION

2.1

This chapter is systematically structured into three primary sections:

Section 2.1 delves into the fundamental properties of ferromagnetic materials. This
section also provides a comprehensive analysis of permanent magnets, elaborated
further in subsection 2.1.1.

Section 2.2 is dedicated to the processing techniques of permanent magnets, with a
particular emphasis on Nd-Fe-B based magnets. It starts with an exploration of sintered
Nd-Fe-B magnets in section 2.2.1, followed by a detailed examination of bonded
magnets in section 2.2.2. This includes an account of the production methods for
ferromagnetic particles, focusing on Rapid Solidification (subsection 2.2.2.1) and
Hydrogenation, Disproportionation, Desorption, Recombination (HDDR) processes
(subsection 2.2.2.2). The section concludes with an overview of the current recycling
practices for Nd-Fe-B magnets, detailed in subsection 2.2.3.

The final section, Section 2.3, addresses the advancements in additive manufacturing.
Section 2.3.1 highlights various additive manufacturing technologies, while section
2.3.2 explores the state-of-the-art developments in the additive manufacturing of Nd-

Fe-B bonded magnets.

FERROMAGNETIC MATERIALS

At the core of magnetic behavior there is the idea of magnetic dipoles, similar to their

electric counterparts. These magnetic dipoles, visualized as small bar magnets with both north

and south poles for example, can align themselves when exposed to a magnetic field. This

alignment happens because of the torque exerted on the dipoles, making them orient themselves

in a particular direction with respect to the magnetic field [27]. In a ferromagnetic solid like o

-Fe, for example, each atom represents such a dipole. The way these intrinsic dipoles respond

under the influence of an external magnetic field dictates the magnetic behavior of the solid.

The origin of these intrinsic dipoles is related to the magnetic moments of individual

electrons. These magnetic moments come from the combined effects of the orbital motion and

spin of electrons within an atom. When electrons move in their orbits around the nucleus, they

create a small magnetic field. The inherent spin of electrons also adds to their magnetic moment,
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aligning along their axis of rotation. These magnetic moments are important for the overall
magnetic behavior of materials and affect their magnetic properties on a larger scale [27].

The magnetic induction (B), magnetization (M), and magnetic polarization (J) are
fundamental concepts in the study of magnetic and electric fields within materials. Magnetic
induction, also known as magnetic flux density, represents the intensity of the magnetic field
within a material. The relationship between magnetic induction (B) and the externally applied

magnetic field (H) is described by the Equation 1 [28],

B=uxH (Eq. 1)

where p denotes the magnetic permeability of the medium, which is quantified in units such as
webers per ampere-meter (Wb/A-m) or henries per meter (H/m). This parameter characterizes
the medium's ability to transmit and amplify the magnetic field [29, 30]. Magnetic induction
(B) is measured in Tesla (T), while the applied magnetic field (H) is quantified in kiloamperes
per meter (kA/m).

Magnetization represents the magnetic moment per unit volume of a material. For a
uniformly magnetized ferromagnetic bar, the relationship between magnetic induction (B),

applied magnetic field (H), and magnetization (M) is given by Equation 2,

B=puwx(H+M) (Eq. 2)
where pn0 represents the permeability constant of free space. Within a magnet, the H-field,
which is oriented oppositely to the magnetization (M), is termed the demagnetizing field.
Conversely, outside the magnet, this field is referred to as the stray field. Additionally, magnetic

polarization (J), a term frequently used by electrical engineers, is defined by the Equation 3

[28].

]=|J.0XM (Eq.3)

This leads to the relationship expressed in Equation 4.

B=poxH+]J (Eq. 4)
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Paramagnetic materials display unique properties because they have unpaired electron
spins in their crystalline structure. These unpaired electrons form atomic magnetic dipoles,
acting like tiny magnets within the material. Without an external magnetic field, these dipoles
are randomly oriented, resulting in a cancellation of magnetic moments and no overall
magnetization of the material. However, when an external magnetic field is applied, these
dipoles weakly align themselves with the field's direction due to the interaction between the
magnetic moments and the external field, which exerts a torque on the atomic dipoles.
Consequently, the material becomes weakly magnetized towards the applied field, showing a
slight attraction to it. Once the external magnetic field is removed, the dipoles lose their
alignment and return to their random orientation, causing the material to return to its original
state with no net magnetization [29].

Different to a paramagnetic substance, an important characteristic of ferromagnetic
materials is their capacity for long-range magnetic order, which is observed in a substantial
majority of magnetic moments pointing in the same direction within smaller volumes known
as domains. These domains, as depicted in Figure 1, represent regions where multiple magnetic
moments are predominantly oriented in one direction. This alignment of magnetic moments
within domains is a key property of ferromagnetic materials and plays a crucial role in their

magnetic behavior [27].

Figure 1 — Schematic domain structure of a typical unmagnetized magnet
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Source: [29]

The hysteresis graph effectively illustrates the interaction between an applied magnetic
field (H) and the magnetic induction (B) of a ferromagnet, as demonstrated in Figure 2. This
graph visually depicts the material's response to variations in the external magnetic field. Upon
the application of an external field, the magnetic domains within the ferromagnetic material

progressively align in the direction of the field until they reach a state of saturation. At



22

saturation, further increases in the external field do not result in additional alignment of the

domains.

Figure 2 - Hysteresis loop of a ferromagnetic material illustrating the relationship between

saturation points

applied magnetic field (H) and magnetic induction (B), including domain alignment and

B

Source: [30]

Notably, when the external field is reduced to zero, the domains do not completely
randomize due to the material's coercivity, which is a measure of its resistance to
demagnetization. Coercivity prevents the full misalignment of domains in the absence of an
external field. When the external field is reversed, the domains begin to reorient in the opposite
direction. This reorientation process persists until the material's internal magnetic reaches zero,
resulting in demagnetization. The coercivity value is a critical parameter, representing the

minimum external field strength required to reduce the material's overall magnetization to zero

[29, 30].
Figure 3 presents a visual representation of (a) a complete hysteresis curve, illustrating
the responses of both magnetization (M) and magnetic induction (B). The induction, B,
corresponds to the magnetic flux density and is represented as M - H. Additionally, (b) depicts

the demagnetization curve, which is the second quadrant of a full loop hysteresis curve for a
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permanent magnet. This section of the curve is crucial as it demonstrates the calculation of the

maximum energy product, represented by the shaded area under the B curve [31].

Figure 3 —Complete hysteresis loop and demagnetization curve for a permanent magnet: (a)
Full hysteresis curve illustrating the responses of both magnetization (M) and magnetic
induction (B). (b) Demagnetization curve, which is the second quadrant of a full loop
hysteresis curve for a permanent magnet.

a) b) MorB
M / Br
-H B
(BH),
) ch ch

Source: Adapted from [31]

In Fig. 3 (a), the B curve illustrates the external magnetic flux density (B) as a function
of the applied magnetic field (H). Notably, this curve does not exhibit saturation and continues
to increase linearly with the applied field. In contrast, the M curve represents the internal
magnetization (M) of the material. Unlike the B curve, the M curve reaches saturation, attaining
a maximum value when all magnetic domains within the material are aligned.

The majority of essential information is derived from the second quadrant of the
hysteresis loop, illustrated in Fig. 3(b). This quadrant reveals the values of residual
magnetization, or remanence (B;), intrinsic coercivity (H¢), and inductive coercivity (Hcp).
Additionally, it illustrates the calculation of the maximum energy product ((BH)uax), which is
a critical parameter for the evaluation of permanent magnets.

Coercivity quantifies a magnet’s resistance to demagnetization. Intrinsic coercivity (H¢j)
refers to the strength of the opposing magnetic field required to reduce the internal

magnetization (M) to zero. Inductive coercivity (Hey) measures the opposing field strength
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necessary to reduce the external flux density (B) to zero. Typically, Hep is less than H¢j due to
the impact of external factors [31].

Materials that show properties with easy demagnetization are classified as soft magnetic
materials. Hard magnetic materials, which include permanent magnets, are characterized by
their ability to retain magnetization even in the absence of an external magnetic field. This
property of retaining magnetization is related to an intrinsic property of the ferromagnetic
substance called anisotropy field (Ha). For example, a magnet with hard magnetic properties
based on Nd-Fe-B, whose main ferromagnetic phase is Nd>Fe14B, has a Ha of nearly 6000
kA/m, while for a-Fe, it is only 40 kA/m [32].

Remanence (B;) is the residual magnetization left in a material after the external
magnetic field is removed. It is identified at the point on the vertical axis where the B curve
intersects after reducing the field to zero [29]. Moreover, an additional property used for
classifying ferromagnetic materials is the maximum energy product (BH),.«x. This value can be
measured using the hysteresis loop and is determined by the largest square that can be found
within the second quadrant of the B curve [33]. In practical terms, (BH)ma signifies the
maximum magnetic energy stored within each unit volume of the material, measured in

kilojoules per cubic meter (kJ/m?) in SI units or mega gauss-oersteds (MGOe) in CGS units.

2.1.1 Permanent Magnets

Permanent magnets are named so because they can maintain a high remanent magnetic
induction (B;) without the need for an external magnetic field (H). This allows permanent
magnets to induce magnetic flux in a circuit without the input of electrical currents, such as in
electromagnets. A wide range of compounds can be used for the fabrication of permanent
magnets, and each one will have specific properties suitable for different applications.

Permanent magnets are characterized by their magnetic properties, namely remanence
(Br), coercivity (Hcj), and maximum energy product (BH) ... Nd-Fe-B magnets have the highest
(BH)max value among all other commercially available options. Figure 4 shows the evolution of
the maximum product energy of permanent magnets throughout their development. It is
possible to observe that during the 1920s, steels with a (BH) .4 of about 20 kJ/m? were used,
and after the mid-20" century, ferrites were developed with a (BH)uax of 40 kJ/m? [34].
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Figure 4 — The evolution of the maximum energy product of permanent magnets in function
of the years
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Source: Adapted from [35]

In the 1960s, the hexagonal SmCos compound with a CaCus-type structure appeared
as the first rare-earth high-performance magnets [32]. The compound has magnetic properties
that make it suitable for use in permanent magnets, including a large wuniaxial
magnetocrystalline anisotropy (Ha ~ 40 T), a relatively high saturation magnetization (M; ~
1.14 T), and a high Curie temperature (T = 720°C). The (BH)uax of this type of magnet reached
160 kJ/m’. In 1967, the first permanent magnet based on rare earth alloys was made using the
composition of SmCo17. In 1973, a more developed form of this alloy was used with the
composition SmyCo17. However, Samarium and Cobalt are not desirable elements for large
scale use due to their high cost and low availability. Therefore, during the 1970s, rare earth
magnets based on iron systems were investigated as a potential alternative to the Sm-Co alloy
[36].

In 1983, Sagawa from Sumitomo Special Metals Co. pioneered a new age of
permanent magnet technology by developing a ternary compound, Nd2Fe14B. This compound
was used to develop magnets with a (BH)uax greater than 288 kJ/m’, and later, values as high as
400 kJ/m® were achieved. The intrinsic magnetic properties of the Nd,Fe14B phase are M = 1.6
T, Ha ~ 6000 kA/m, and T¢ ~ 310 °C. The development of magnets based on the body-centered
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tetragonal Nd»>Fe14B phase was the result of joint efforts by Croat et al. [37, 38], who used melt-
spinning, and Sagawa et al. [39 - 41], who used powder-metallurgy techniques [32].

Permanent magnets rely on rare-earth elements to achieve high levels of
magnetocrystalline anisotropy, which is crucial for defining a preferred direction of
magnetization within the material’s crystallographic structure. In transition metals like iron,
cobalt, and nickel, the coupling of orbital spins from 3d electrons is relatively weak. However,
incorporating rare-earth elements introduces a strong magnetocrystalline anisotropy field due
to the intense 4f electron spins [33]. This results in significantly enhanced magnetic properties.
Specifically, in the Nd>Fei4B compound, the majority of its intrinsic magnetocrystalline
anisotropy is attributed to the crystal field splitting of the rare-earth 4f electron levels [37]. This
splitting creates a strong directional preference for magnetization, contributing to the superior
performance of these compounds.

The significant growth in applications began in 1995 with the first use of Nd-Fe-B
sintered magnets in servo systems, compressors, lifting devices, Electric Power Steering (EPS)
in automobiles, and driving units in hybrid vehicles. This growth is due to advancements in Nd-
Fe-B sintered magnets in the following areas: (1) improved thermal stability with higher value
of coercivity, (2) enhanced corrosion resistance through microstructural studies and surface
coating technologies, and (3) increased benefits from high-performance magnets, such as
electric power savings [32].

Apart from motor applications, permanent magnets have various uses in academic and
military research, energy labs, and medical industries like Magnetic Resonance Imaging (MRI),
hematology labs, and magnetic hyperthermia techniques. There are about 160 magnets used
daily for different purposes, including refrigerator magnets, kitchen appliances, televisions,
telephones, watches, computers, and audio systems, as well as in microelectronics.
Additionally, around 100 magnets are used in the automobile industry. Therefore, permanent
magnets are crucial for many important modern inventions [42].

The increasing demand for energy conversion has led to a rise in the production
volume of magnetic components. The wind energy sector is growing faster than other sectors
of renewable energy. For example, a generator unit with 3 MW uses approximately 1.5 tons of
permanent magnets, and the cost of the magnetic component makes up a significant proportion
of'the total cost. In the transportation sector, according to Toyota, each Prius model uses a motor
with 1.3 kg of Nd-Fe-B based magnets [34].

Rare-earth magnets have enabled the miniaturization of countless devices and the

development of highly efficient motors and generators. These magnets are stronger than
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conventional magnets made of ferrites or Alnico. Magnetism and magnetic materials have
played an important role in modern science and technology since the discovery of the naturally
occurring mineral magnetite (Fe3O4). The magnetic strength of a material is quantified by the
maximum product energy. A higher (BH)..x value indicates a stronger magnet, enabling the
use of smaller magnets to achieve the same magnetic performance as larger magnets with a
lower (BH)uax. Consequently, materials with a high (BH)..x are advantageous in technological

applications, as they allow for the design of compact, yet highly efficient, magnetic components

[1].

2.2 PROCESSING Nd-Fe-B BASED MAGNETS

2.2.1 Sintered Magnets

Nd-Fe-B magnets must exhibit optimal properties for effective use in technological
applications, which are intrinsically linked to their microstructural development during specific
fabrication processes. Achieving these properties involves the development of coercivity
mechanisms that enhance resistance to demagnetization. This is accomplished by introducing
defects in the microstructure to hinder the movement of domain walls. Consequently, a well-
engineered microstructure creates kinetic barriers that stabilize the magnetized state, preventing
demagnetization processes such as the nucleation of reverse domains or magnetic decoupling
[43, 44].

High-performance Nd-Fe-B magnets are fabricated through the sintering of
magnetically aligned powders of Nd-Fe-B alloy, with a composition slightly enriched in Nd
relative to the stoichiometric Nd>Fe14B phase. To achieve a high (BH)max, it is essential to
maximize the remanence of the magnets. This necessitates minimizing the presence of minor
non-ferromagnetic phases and ensuring full alignment of the easy axis of magnetization with
the magnetization direction. Currently, powder metallurgy is the preferred processing method
for manufacturing these magnets, as it allows for precise modification and control of the
microstructure, thereby optimizing the magnetic properties [45]. Figure 5 provides a detailed
overview of the powder metallurgy process used in the production of Nd-Fe-B sintered

magnets.
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The Nd>Fe14B compound is formed by a peritectic reaction between Fe and a liquid
phase. During the casting process of Nd-Fe-B magnets, Fe precipitates as a primary phase from
a molten alloy and tends to become a nucleation site for reverse domains. To fabricate high-
performance magnets, the precipitation of primary Fe should be inhibited during the ingot
fabrication process. Strip casting is a well-known process for preparing Nd-Fe-B ingots, as it
can move the composition close to the stoichiometric composition without any precipitation of
the Fe primary phase. The ingots prepared by Strip Casting consist of a columnar structure
made up of a Nd,Fe4sB phase and a Nd-rich phase. The width of the columnar structure is
around 4-6 um, which is comparable to the particle size of fine powders after a milling process
[32].

The coarse grinding of Nd-Fe-B ingots is achieved through a hydrogen-based process
known as Hydrogen Decrepitation (HD). This method involves exposing Nd-Fe-B cast alloys
to hydrogen, which disintegrates them into friable powders, making it significantly easier than
mechanical pulverization [32]. Decrepitation occurs due to substantial volume expansions
during hydrogen absorption in specific phases: 4.8% for Nd>Fe14sBH>7 and 16.4% for NdH3
[47]. Cracks in Nd-Fe-B alloys predominantly form at the interface between Nd,Fe4B and Nd-

rich phases following the HD process. Research indicates that HD is an effective and
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economical additional step in the powder metallurgy route for producing sintered Nd-Fe-B
permanent magnets [48].

The fabrication of fine powders is achieved using a jet mill, a widely adopted method
due to its ability to grind friable or crystalline materials to a particle size of 3-5 um, resulting
in a very narrow size distribution [32]. The fine powder produced is then placed into molds and
subjected to pulse magnetization to align the monocrystalline particles. The applied magnetic
field orients the particles’ easy magnetization axis, creating a crystallographic texture. This
alignment produces anisotropic magnets with enhanced remanence and maximum energy
product. Finally, the mold undergoes isostatic pressing to ensure sufficient mechanical strength
for handling and subsequent furnace placement.

Following this, thermal cycles comprising sintering and heat treatment are employed.
Sintering, a key process in powder metallurgy, transforms aggregated powder into densified
blocks through diffusive atomic transport mechanisms at temperatures below the melting point
of the primary constituent. This process reduces the system’s free energy by decreasing the
material’s surface energy. During sintering, grain boundaries and necks form, leading to the
densification of the part. The process is influenced by variables such as temperature, duration,
sintering atmosphere, and the characteristics of the raw material, including powder size
distribution and mean powder size. These factors are crucial in achieving full density and
determining the final properties of the part. Smaller powder sizes result in larger surface areas
and increased contact between particles, thereby enhancing the sintering mechanisms during
the process [49].

Liquid Phase Sintering (LPS) plays a crucial role in the processing of Nd-Fe-B based
magnets. LPS offers several advantages, including an increased sintering rate, near-total
densification, and reduced sintering times, provided the liquid phase enhances wettability. The
stages of LPS begin with the rearrangement of particles due to the penetration of molten
material between solid phases, driven by capillary forces. This results in particle slipping and
rapid densification, depending on the amount of liquid phase present. Additionally, material
transport occurs through the liquid phase via diffusion mechanisms, followed by size
accommodation and grain growth [50].

However, the Nd-rich phase is non-magnetic and prone to oxidation. This oxidation
leads to the precipitation of soft magnetic phases, such as a-Fe, on the surface of the primary
phases, which reduces coercivity. To produce high-performance Nd-Fe-B magnets, the
atmosphere during sintering and annealing must be strictly controlled to prevent air exposure

from crushing to annealing. Consequently, the volume fraction of the Nd-rich phase should be
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minimized, and the composition of the sintered magnets should closely match the
stoichiometric composition of Nd>Fe4B. [32].

Conventional sintered magnets are composed of two main phases: Nd2Fe4B and Nd-
rich. The coercivity mechanism in these magnets is typically attributed to the nucleation of
reverse domains originating from defects on the surface of Nd,>Fei4B grains [32]. The Nd-rich
phase transitions to a liquid phase at temperatures above 665°C and is present along grain
boundaries, which smooths the surface of Nd.FeisB grains and reduces the number of
nucleation sites. A microstructure featuring a thin layer of Nd-rich phase distributed along each
grain boundary can enhance magnetic properties, particularly coercive force. This enhancement
occurs because the Nd-rich phase decouples the primary ferromagnetic phases, thereby
influencing the interactions between Nd-Fe-B grains and preventing the nucleation of reverse
domains.

Figure 6 depicts the typical microstructure of sintered magnets in their as-sintered and
annealed state. The grains of the primary Nd,Fe14B phase are visible, exhibiting a uniform grey
contrast. The brightly imaged regions at the triple junctions of the grain boundaries correspond
to the Nd-rich phases, which can be either metallic dhcp-Nd or amorphous. These phases create
different contrasts in the back-scattered electron (BSE) image obtained through scanning
electron microscopy (SEM). Additionally, a thin, continuous layer is observable along the grain

boundaries [45, 51].

Figure 6 — A typical SEM image (BSE mode) of Nd-Fe-B magnet microstructure in as-
sintered and annealed condition
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Powder metallurgy is an efficient method for producing low-geometrical-complexity
parts. However, as the magnet format becomes more complex, the cost of producing the
component tends to increase. This is due to the low workability of the alloy, which makes the
material brittle and increases its hardness. As a result, post-processing to adjust the final
dimensions of the part is not desirable. Additionally, producing scrap from the raw material
presents a problem, as the chip has low reprocessability. If the component contains rare earth
elements in its composition, the final cost is directly affected, further increasing the waste of

materials with added value.

2.2.2 Bonded Magnets

New alternatives are being developed for processing Nd-Fe-B-based magnets, opening
up possibilities for a wide range of applications. In certain applications, the required complexity
of shape makes it impossible to use magnets in their traditional form. Therefore, bonded
magnets manufactured using die compaction, injection molding, or more recently, additive
manufacturing, are used as alternatives to traditional processing routes.

Bonded magnets consist of two main components: a polymeric binder and a load of
powder with ferromagnetic properties. Flexible magnets typically use nitrile rubber or vinyl as
binders, while rigid magnets use nylon, PPS, polyester, Teflon, or epoxy resins. Thermoplastic
binders can be processed and formed through calendering or extrusion, or molded into various
complex shapes using injection molding [52].

In the next two subsections, two well-known processing routes for producing powder
with high magnetic properties for bonded magnet fabrication are explored: 2.2.2.1 Rapid
Solidification and 2.2.2.2 HDDR.

2.2.2.1 Rapid Solidification

Producing a bonded magnet presents significant challenges, as magnetic hardening
cannot be achieved through the sintering of fine powders, unlike in the case of sintered Nd-Fe-
B magnets. Consequently, an alternative processing route was developed to produce
ferromagnetic powders with high magnetic property values. This involves the production of

Nd-Fe-B based raw material using rapid solidification.
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The melt spinning technique enables the rapid solidification of a nanocrystalline
structure with grain sizes ranging from 20 to 50 nm [37, 38, 53]. However, due to the random
orientation of these grains, the maximum energy-product of melt-spun Nd-Fe-B magnets cannot
be treated in the same manner as anisotropic magnets. Their isotropic nature makes melt-spun
Nd-Fe-B magnets suitable primarily for low-cost, low-performance bonded magnet
applications. Over the past decade, rapidly solidified permanent magnets have garnered
increased attention due to their significantly simpler processing routes. These routes are less
time-consuming and complex compared to the extensive heat treatment and solution treatment
typically required to achieve high coercivity in bulk rare-earth permanent magnets [42].

In 1986, General Motors provided a subsidy to Magnequench and helped pioneer the
use of melt spinning to produce isotropic powder for creating bonded magnets through
compression and molding injection. This process involves melting an alloy or its constituent
elements in a vacuum or inert gas and then jetting the material through a hole towards a copper
wheel or disc cooled with water. Rapid cooling rates ofup to 1,000,000 °C/min can be achieved,
resulting in an alloy with very small grains [54]. Processing bonded magnets has the advantage
of manufacturing near-net-shape parts, which means little to no post-processing operation is
necessary for dimensional adjustment.

However, the raw material produced by the melt spinning technique is not limited to the
fabrication of bonded magnets. Recent advancements in hot-pressed, anisotropic, fully dense
magnets have enabled the use of melt-spun ribbons for high-performance anisotropic magnets
[45]. Anisotropic bulk magnets can be produced through hot-pressing and subsequent die-
upsetting of rapidly solidified nanocrystalline alloys [54]. This method yields a coercivity of
approximately 900 kA/m and a maximum energy product of 320 kJ/m?, which are comparable
to those of sintered Nd-Fe-B magnets. However, due to the typical grain size of 250 nm in the
planar direction and 100 nm in the normal direction, the maximum coercivity of anisotropic
hot-deformed magnets is limited to about 1300 kA/m [55].

Melt spinning is the most commonly used rapid solidification technique for processing
rare-earth permanent magnet alloy systems. While the atomization technique provides a high
production rate and uniform spherical particle morphology, it cannot provide the necessary
compositional changes due to the lower cooling rate involved [56]. Atomization involves using
high-pressure fluid jets to break up a molten metal stream into very fine droplets, which
eventually solidify into fine particles. This versatile method is commonly used for powder
production. In conventional atomization, a liquid metal is poured through a tundish with a

nozzle at its base. The tundish acts as a reservoir, supplying a constant, controlled flow of metal



33

into the atomizing chamber. As the metal stream exits the tundish, it is struck by a high-velocity
stream of the atomizing medium (water, air, or an inert gas). The molten metal stream is
disintegrated into fine droplets, which solidify during their fall through the atomizing tank. The
resulting particles are collected at the bottom of the tank [42].

2.2.2.2 Hydrogenation, Disproportionation, Desorption, Recombination (HDDR)

The Hydrogenation, Disproportionation, Desorption, Recombination (HDDR) process
is a well-known processing route for achieving a refined grain structure in rare-earth transition
metal alloys, especially in Nd-Fe-B alloys. This process is simple and mainly based on
hydrogen-induced phase transformation, which can produce highly coercive Nd>Fe4B
powders. These powders can be used to produce bonded magnets as well as fully dense hot-
pressed magnets [42]. The process involves a heat treatment with high-pressure H» to obtain
isotropic or anisotropic nanocrystalline powders. It is based on the disproportionation of
NdyFe4B into Fe-a, NdH», and Fe>B and this is followed by recombination of the three phases
under low pressure to create a new microstructure that is near single domain. These unique
microstructural features suggest that HDDR powders have the potential to be used for the
development of high coercivity and remanence Nd-Fe-B magnets [45].

The HDDR process was first developed by Takeshita and Nakayama at Mitsubishi
Materials in Japan in 1989 for the production of coercive powder via a "Hydrogenation-
Dehydrogenation Treatment" [57]. McGuinness et al. later explained the process in terms of
the "Hydrogenation, Disproportionation, Desorption, Recombination (HDDR) reaction" [58].
The process quickly gained international recognition, prompting research at many scientific
institutions worldwide. Significant research includes studies by Gutfleisch et al. [53, 59 - 61].
Since then, bonded Nd-Fe-B magnets using HDDR powders have been reported to have a high
(BH)max 0 200 kJ/m? and a maximum operating temperature of 130°C [32].

During the first stage of HDDR process, hydrogen is absorbed by the Nd-rich material
at the grain boundaries, forming NdH27. This process is commonly known as Hydrogen
Decrepition (HD). Afterwards, the hydrogen is absorbed by the Nd,Fei4B matrix phase. These
absorption processes cause the material to decrepitate due to the large differential volume
expansion of the phases present [2, 17]. However, to avoid the HD stage, hydrogen can be
introduced at elevated temperature to cause the disproportionation of the material without the

cracking that is introduced by HD. This is known as solid HDDR (s-HDDR) [60, 62].
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During the HDDR process, hydrogen is continuously released from the material until it
reaches approximately 650°C. In a near-stoichiometric Nd2Fe 4B alloy, if the temperature and
kinetics enable metal diffusion, nearly all the hydrogen is degassed from the matrix phase
before the disproportionation reaction begins. This reaction is driven by two processing
parameters: temperature and hydrogen pressure. It results in a finely divided mixture of NdH> 7,
Fe;B, and a-Fe phases, producing a colony-type structure with NdH> 7 rods embedded in an a-
Fe matrix with an average grain size of 100 nm, and randomly distributed Fe>B grains [62].

The initial stages of the disproportionation reaction in Nd>Fe 4B start at the Nd-rich
grain boundary, which serves as a fast diffusion path for hydrogen, and then proceed towards
the center of the original grains. Figure 7 provides a schematic illustration of how the
disproportionation occurs. It shows the original Nd-Fe-B grains, the start of the
disproportionation reaction at the grain boundaries, and the fine distribution of Nd-H and Fe-B

in an a-Fe matrix after the disproportionation reaction is completed [59 - 61].
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Figure 7 — Schematic illustration of disproportionation in Nd-Fe-B grains
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Applying a vacuum at a suitable temperature (usually around 800°C) can desorb
hydrogen. This process causes the neodymium hydride phase to become thermodynamically
unstable and form elemental Nd. The Nd then recombines with the other constituents to produce
the more stable and original Nd>Fe 4B phase, but with a submicron grain size (around 0.3 pm),
similar in size to the critical single domain size for the Nd>Fe14B phase (0.24 pm) [59 — 61, 63,
64]. Figure 8 illustrates the evacuation process of the system and the resultant formation of a
refined grain structure in the Nd>Fe 4B phase. This figure highlights the contrast between the
grain size of the original microstructure and following HDDR processing. As shown in Figure
9, the HDDR treatment of an End-of-Life Nd-Fe-B magnet results in a significantly refined

microstructure, with submicron grain sizes ranging from 0.5 to 0.2 pm.



Figure 8 — Formation of a refined grain structure after the recombination step in HDDR
processing
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Figure 9 — Submicron grain sizes in Nd-Fe-B magnet after HDDR processing (fracture
surface)

Source: [26].
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Takeshita et al. [57] created a magnetically coercive powder by exposing Nd-Fe-B
alloys to hydrogen, followed by a vacuum treatment within a temperature range of 750°C-
900°C. Subsequent studies have shown that the recombined material exhibits a grain size of -
0.3 um, compared to the initial ingot material of around 50 um. It has also been demonstrated
that the final grain size of the treated material is highly dependent on the processing
temperature. This, in turn, becomes a critical factor in determining coercivity [64].

The coercivity of HDDR magnets is influenced by the nature and size of the recombined
grains, which is dependent on the processing temperature. At low temperatures, the presence of
soft ferromagnetic a-Fe leads to a decrease in coercivity. On the other hand, when the
processing temperature exceeds the optimum value, the coercivities are limited by the presence
of large faceted grains that are easily demagnetized. Faceted grains are observed at the center
of the original Nd;Fe 4B grains, indicating that recombination starts from this point. To prevent
grain growth, tight control of temperature and hydrogen evacuation is crucial. Nakayama et al.
[65] studied the microstructure of recombined materials and found that the grain size of
recombined grains was about 0.3 um for optimum processing, and no boundary phase was
found between the newly formed grains [62].

Refocusing the discussion from the coercivity of HDDR particles to the coercivity
mechanisms in HDDR powder and sintered magnets reveals the critical importance of
understanding how different magnets resist demagnetization. These mechanisms are broadly
classified into two categories: pinning type and nucleation type.

In pinning type magnets, the movement of domain walls is hindered by pinning centers.
These pinning centers can be chemical inhomogeneities or defects that create a favorable energy
environment for a domain wall to form. To overcome a pinning center, a higher magnetic field
is required to unpin the domain wall. One way to enhance pinning is by reducing the grain size.
These regions, characterized by a highly refined grain structure, provide a strong pinning force
that effectively anchors the magnetic domains. As a result, demagnetization only occurs under
higher applied magnetic fields. Li ef al. [66] demonstrated the importance of magnetic domain
pinning at grain boundaries for coercivity in HDDR magnets. Their findings, based on Lorentz
TEM observations of magnetic domain walls, emphasize the significance of having a refined
grain structure [45].

On the other hand, in nucleation type magnets, domain walls can easily move until all
domain walls are driven out of a specific grain. This mechanism is responsible for coercivity in
sintered magnets. Managing grain boundaries is crucial in preventing the formation of reversed

domains, resulting in magnets that have high resistance to demagnetization. This approach
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involves regulating the interfacial microstructure between the Nd>Fe14B phase and the Nd-rich
phase. This coercivity mechanism, also known as interfacial control, focuses on magnetic
reversal caused by defects on the surface of Nd>Fe14B grains. The coercivity of sintered magnets
primarily arises from the magnetic isolation of individual Nd>Fe4B grains. This is achieved by
the formation of a thin, continuous, non-ferromagnetic Nd-rich layer surrounding the Nd,Fe4B
grains [67]. Reversed magnetic domains are observed to nucleate at localized regions with
lower anisotropy or defects, or in proximity to non-ferromagnetic grains that exhibit a higher

stray field [45].

2.2.3 Recycling Nd-Fe-B Magnets

The instability regarding the prices of rare-earth metals, notably Nd and Dy, is also
attributed to the global surge in environmental legislation and the increasing emphasis on
resource protection and sustainable development. This escalation in prices has, in turn,
significantly elevated the production costs of Nd-Fe-B sintered magnets. As a consequence,
there is a growing recognition of the pressing need for the recycling of waste Nd-Fe-B materials.
This initiative is strongly advocated by the Organization for Economic Co-operation and
Development (OECD) countries as a strategic response to the prevailing global crisis
concerning the supply of rare-earth elements [68, 69].

Over the past decade, considerable efforts have been made on a global scale to recycle
bulk Nd-Fe-B sintered magnet waste materials. These waste materials possess substantial
secondary rare-earth resources for two compelling reasons. Firstly, they contain a total rare-
earth content exceeding 30 wt. %, surpassing the concentration found in most natural rare-earth
mines. Secondly, despite deterioration of the magnet from corrosion and contamination, the
waste remarkably retain the essential intrinsic properties of the original magnets.

Various techniques have been developed for recycling bulk Nd-Fe-B sintered magnet
waste, allowing for the preservation or even enhancement of the overall properties of the
recycled magnets [9 — 12, 70 — 79]. This offers a significant opportunity for large-scale
production of recycled magnets, reintroducing their high intrinsic value back into the supply
chain [80, 81].

Nd-Fe-B sintered magnet waste originates from two primary sources: industrial waste and End-
of-Life waste. Industrial waste is generated during the production process of these magnets and
encompasses furnace slags, ultrafine powders, defective blocks, scraps, and sludges. Machining

processes are the primary contributors to industrial waste, with scraps retaining the magnetic
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properties of the magnets, while sludges are characterized by heavy oxidation and impurity
content [82].

On the other hand, End-of-Life waste emanates from devices that incorporate Nd-Fe-B
sintered magnets, such as hard disk drives in computers, which annually contribute to the
disposal of these magnets. Extensive work has been undertaken to identify End-of-Life magnets
and explore recycling opportunities, thereby significantly contributing to the realization of a
more circular economy [82].

There are various techniques described in the literature for reprocessing waste magnets
generated during the fabrication process or at the end of their life cycle. One example is
recycling indirectly through a conventional oxidation roasting and acid leaching flowsheet. This
involves several steps for the forced oxidation of elements, and the resulting material can be
reused as new raw material for rare earth alloys [74]. Another method is reprocessing the
magnet sludge through reduction diffusion, which allows for the collection of rare earth
elements that can be reprocessed in different ways [9, 10, 70, 71].

Moreover, a commonly used technique involves using hydrogen processing to transform
the bulk magnet into pulverized raw material [11, 12]. This powder can be directly recycled
into new sintered magnets using a technique known as Magnet-to-Magnet processing [72]. In
this approach, the HD process fragilizes the material, which is then finely milled to produce
new recycled sintered magnets. This magnet-to-magnet recycling technique has been
thoroughly tested and appears to be suitable for large-scale production. The resulting magnetic
performance demonstrates the practicality of using recycled Nd-Fe-B magnets in real-world
applications [13, 73 — 76].

In addition to previously mentioned magnet recycling techniques, hydrogen processing
has been extensively explored in the field of nanocrystalline magnets. Beyond the simple use
of HD, the Hydrogenation, Disproportionation, Desorption, and Recombination (HDDR)
process has also been employed [21]. This method facilitates the production of a refined grain
structure, resulting in enhanced magnetic properties [79]. Significant progress has been made
in creating new bonded magnets from these recycled materials, including densification through
the spark plasma sintering process [78]. However, further exploration is needed regarding the

application of HDDR-processed recycled magnets as raw materials for AM.
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2.2.3.1 Detrimental effect of oxygen and carbon uptake in Nd-Fe-B magnets

Evaluating the corrosion status of raw materials is crucial when reprocessing End-of-
Life Nd-Fe-B magnets. These magnets, comprising approximately 30% rare earth constituents
[5], are notably vulnerable to corrosion, particularly in humid environments. This susceptibility
is attributed to their complex multi-phase structure. This structure comprises three main phases:
the ferromagnetic phase of Nd>Fe14B (¢-phase), which constitutes 85% of the volume, the boron
phase of NdFe4B4 (also known as phase K) at 3%, and the neodymium rich phase (Nd-rich) at
12% [83]. The absorption of oxygen and carbon during both manufacturing and magnet
operation in corrosive environments can significantly compromise the performance of
reprocessed magnets.

The presence of oxygen in Nd-Fe-B magnets primarily occurs during processing stages
such as fine powder handling after milling and during sintering. Oxygen is highly reactive and
easily introduced into the Nd-Fe-B alloy, while carbon can infiltrate through various sources
such as lubricants and protective coatings. Once incorporated, oxygen tends to form
paramagnetic oxides, such as Nd>Os3;, which disrupt the magnetic properties by hindering
remanence and coercivity. On the other hand, carbon tends to segregate at grain boundaries,
forming complex compounds with Nd, thereby affecting the microstructure and coercivity
values of the magnets [83].

The presence of oxygen and carbon alters the microstructure of sintered Nd-Fe-B
magnets, leading to the formation of undesirable phases and grain boundary segregation.
Oxygen-rich regions inhibit the development of continuous Nd-rich layers, crucial for
ferromagnetic isolation and coercivity development. Additionally, carbon accumulation
exacerbates grain boundary effects, further reducing coercivity. As a result, the nucleation
coercivity mechanism type is compromised, leading to decreased magnetic properties [13].

Controlling the uptake of oxygen and carbon is important in ensuring the high property
values and quality for reprocessed Nd-Fe-B magnets, especially in the context of recycling.
Recycled magnets often exhibit elevated levels of oxygen and carbon, which can significantly
impair magnetic properties. Therefore, strategies for minimizing oxygen and carbon uptake
during reprocessing must be prioritized to maintain the integrity and sustainability of recycled

Nd-Fe-B magnet applications.
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2.3 ADDITIVE MANUFACTURING

Additive Manufacturing (AM) has emerged as a transformative technology in the
processing of Nd-Fe-B based magnets. This advanced manufacturing technique enables the
creation of components with complex geometries and near-net shapes, significantly enhancing
processing flexibility while circumventing the need for costly tooling. The near-net shape
capability of AM not only minimizes post-processing expenses associated with achieving
precise dimensional and shape tolerances for magnetic components but also reduces the wastage
of' valuable raw materials. As such, AM presents a cost-effective and resource-efficient solution
for the production of high-performance magnetic parts, aligning with the industry's goals of
sustainability and economic viability [52].

The initial step in the AM process involves generating a specific format document,
typically in Standard Tessellation Language (STL), derived from a computer-aided design
(CAD) file used for material deposition programming. The operator must define various process
parameters, such as scan speed, laser power, and scanning strategy, to ensure the successful
production of 3D objects. These crucial parameters significantly influence the quality and
accuracy of the final product [16]. Once the programming and processing parameters are
established, the machine deposits material layer by layer, culminating in the fabrication of 3D
objects [84]. Figure 10 illustrates the main steps in additive manufacturing, from modeling the

3D part and programming the layer-by-layer path to the final printed part.

Figure 10 - Main steps in additive manufacturing: From CAD modeling to final 3D printed
part

CADModel ~ == «== s eceecccmcccceann 3D Object

3D Cad STL Slicing Layer Slices & AM 3D
Model File Software Tool Path Process Object

Source: [85]



42

Additive manufacturing technologies offer significant advantages over traditional
injection molding by enabling the rapid and efficient creation of new shapes using
computational models. Unlike injection molding, which involves a lengthy and costly process
to produce tooling and prototypes, AM streamlines the entire production chain [86]. Traditional
manufacturing requires multiple stages, including design with drawing preparation, process
delimitation, tool availability, and meeting dimensional accuracy requirements. Any
modifications necessitate changes across various aspects of the production chain, resulting in
considerable time and resource investments. Conversely, AM reduces preparation and
prototype manufacturing times, thereby enhancing overall efficiency and adaptability in
product development [84].

This technology offers significant advantages in achieving dimensional tolerances by
building objects layer by layer, which eliminates the need for post-processing. This layer-by-
layer approach allows for precise control over the shape and dimensions of the final product,
reducing the reliance on traditional subtractive methods that remove material to achieve the
desired form. Consequently, AM can lead to substantial reductions in production costs and
material waste, making it an efficient and sustainable alternative for producing complex and

high-precision components [86].

2.3.1 Technologies

Several technologies are available for producing Nd-Fe-B magnets through AM. The
most promising methods include Binder Jet Technology, Direct Energy Deposition, Fused
Filament Fabrication, and Powder Bed Fusion. However, all of these techniques are
experimental, and the manufacturing of Nd-Fe-B-based magnets through AM is still in its early
stages.

Binder Jet Technology works by selectively depositing melted binder to join magnetic
material particles. The 3D printer head moves over the platform, depositing binder drops onto
the previously spread powder. When one layer is complete, the manufacturing base moves
downwards, and a new layer of powder is spread on that platform. The process is repeated layer
by layer until all the parts are manufactured. After printing, the parts are in a green state and
require post-processing before use [86].

Direct Energy Deposition (DED) is a manufacturing method that uses focused thermal
energy to bond magnetic particles by melting them during deposition. During the process,

powder is expelled from a nozzle into a melting pool on the substrate where the deposition takes
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place. The system generates the melting pool with its focused thermal energy. However, this
technology is often large in size and requires a closed and controlled environment for operation
[86].

Fused Filament Fabrication (FFF) is a widely used AM technology for producing
magnets. The process involves passing a continuous filament, mixed with a thermoplastic
binder and magnetic material, through an extrusion chamber where the binder is melted by
heating. The resulting composite material is then forced out of the nozzle of the extruder and
selectively deposited layer by layer onto a manufacturing platform until the final piece is formed
[84].

Laser Powder Bed Fusion (LPBF) is an advanced AM technique pertinent to the
production of permanent magnets. This method encompasses two primary technologies:
Selective Laser Sintering (SLS) and Selective Laser Melting (SLM). The process initiates by
heating the raw particulate material to a temperature just below its melting point to minimize
distortion and enhance layer adhesion. A laser beam, manipulated through a series of mirrors
and lenses, follows a pre-programmed path to selectively fuse the powder. Subsequently, the
manufacturing platform descends by a layer thickness, and another layer of powder is spread.
This iterative process continues until the entire component is fabricated. Figure 11 illustrates
the principal components of a PBF-based machine. During the procedure, any unused powder

is collected in a container for reuse in future production cycles [84].

Figure 11 - Principal components of a Laser Powder Bed Fusion (LPBF) machine
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Selective Laser Sintering (SLS) and Selective Laser Melting (SLM) both utilize a laser
beam as a thermal energy source for material processing, with the wavelength of the laser being
dependent on the specific material being processed. The primary distinction between these two
additive manufacturing technologies lies in the degree of particle fusion achieved. SLM
facilitates complete fusion of the particles, leading to full densification of the material. In
contrast, SLS is typically used for composite or fully polymeric feedstock and involves only
the sintering of the polymer. Specifically, when processing a feedstock composed of
ferromagnetic particles and a polymeric binder, the laser interacts solely with the binder,
embedding the ferromagnetic particles within the polymeric matrix. This fundamental
difference in processing methods results in varying material properties and applications for each
technology.

The densification of parts produced by the LPBF technique involves several
mechanisms, primarily solid-state sintering, which is the main sintering mechanism in SLS
processing. Solid-state sintering facilitates the joining of particles without surpassing the
material's melting temperature. This process minimizes the total free energy of the particles,
similar to traditional powder metallurgy methods. The surface energy is proportional to the
particle's surface area and is dependent on its size. Sintering mechanisms are directly related to
the surface area-to-volume ratio of a set of particles. Smaller particle sizes enhance the number
of contact points, leading to improved consolidation and densification of the material [88].

Defects in components produced by LPBF are associated to the processing methods
employed. Among these, porosity stands out as the predominant defect, exerting a considerable
impact on the mechanical and magnetic properties of the final manufactured part. The origins
of porosity can be traced to various factors, including the quality of the particulate raw material,
the specific processing parameters used, and the inherent characteristics of the sintering or
solidification processes [16]. The quality of the raw materials is paramount in determining the
ultimate properties of the produced components. Key attributes such as the shape, size, internal
porosity, surface morphology, and composition of the particulate raw material all significantly
influence these properties [23, 23].

In powder bed processing, certain conditions must be meticulously prepared and
maintained. The process must continue uninterrupted with a sufficient powder reserve, reaching
at least the maximum programmed building height. An adequate volume of powder must be
transported from the feeding platform to the manufacturing platform to cover the previous layer
[88]. The powder should be uniformly spread to form a smooth, thin, and homogeneous layer

without generating excessive tensions that could deform earlier layers. Therefore, factors such
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as powder flowability significantly influence the final characteristics of the manufactured
component. Powder Bed Fusion systems typically utilize particles sized between 20 and 50 pm
to meet flowability requirements [ 16, 24]. As particle size decreases, friction between particles

and electrostatic forces increase, potentially compromising the powder's flowability [ 88].

2.3.2 Processing additively manufactured Nd-Fe-B based magnets

The current study investigates the use of hydrogen processing to produce high coercive
powders from recycled Nd-Fe-B magnets. This innovative method addresses the significant
issue of waste generated by End-of-Life Nd-Fe-B magnets and explores the feasibility of
utilizing recycled raw materials in AM processing.

Zakotnik et al. [89] pioneered the exploration of recycling scrap sintered magnets using
the HD process, specifically targeting Nd-Fe-B sintered magnets recovered from voice coil
motors in hard disk drives. The HD process was conducted at a hydrogen pressure of 1 bar,
resulting in the generation of particulated materials. However, the authors encountered
significant challenges in achieving full density in the recycled materials. Consequently, the
recycled sintered magnets exhibited a maximum energy product that was 15% lower than that
of the original magnets.

To provide further context, Zakotnik et al. [90] previously proposed two potential
approaches for recycling Nd-Fe-B sintered magnets: the HD and HDDR processes. The HDDR
process, conducted at a hydrogen pressure of 0.4 bar and a temperature of 800°C, produces
isotropic high coercive powders. This method offers the potential for an efficient recycling of
Nd-Fe-B End-of- Life magnets, contributing to the sustainable management of critical raw
materials.

Périgo et al. [91] investigated later the recycling of sintered Nd-Fe-B magnets using the
HDDR process. They optimized the values of magnetic properties from recycled powders by
adjusting the processing parameters, specifically varying the recombination plateau
temperature from 800°C to 920°C and the hydrogen pressure from 60 kPa to 150 kPa. Their
study resulted in the production of isotropic powders with a remanence of 0.58 T and a
coercivity around 900 kA/m, achieved at an optimal recombination temperature of 860°C and
a hydrogen pressure of 135 kPa.

These unique powders exhibit significant potential as feedstock materials for LPBF
technology, offering a sustainable approach to recycling. By integrating these powders into AM

processes, a more environmentally friendly method is established. This not only reduces waste
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but also promotes a circular economy, emphasizing the reutilization of materials and enhancing
the sustainability of manufacturing practices.

Recent advancements in the AM of Nd-Fe-B bonded magnets primarily target the
production of commercial powders and the optimization of processing techniques. Pioneering
work by Baldissera et al. [92] delved into the development of polymeric matrix composite
magnets utilizing LPBF. Their study assessed the influence of laser parameters on the magnetic
properties of isotropic Nd-Fe-B composite magnets.

Fim et al. [93] advanced the research on Nd-Fe-B composite magnets by investigating
the influence of laser parameters and printing feedstock composition on the final porosity of
magnets produced via LPBF. Their study emphasized the critical role of sintering kinetics and
binder volume in minimizing porosity and enhancing the magnetic properties of the resulting
bonded magnets.

In the current research context, a novel proposal is under investigation to utilize
hydrogen processing for the production of additively manufactured recycled bonded magnets.
This research focuses on evaluating the feasibility of applying Hydrogen Decrepitation (HD)
and Hydrogenation, Disproportionation, Desorption, Recombination (HDDR) processes to
End-of-Life magnets. The objective is to generate a feedstock with tailored magnetic properties,

adequate for LPBF-based AM techniques.
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3METHODOLOGY

3.1 RAW MATERIALS

In this study, ferromagnetic powders based on Nd-Fe-B and a binder system consisting
of polyamide 12 (PA-12) were used. These ferromagnetic powders were obtained from End-of-
Life magnets (class N42) that were previously utilized in wind turbines. Figure 12 illustrates
the End-of-Life magnet that was used for the purpose of this study. The magnet has a weight of
1.5 kg and is coated with epoxy.

Figure 12 - The End-of-Life magnet (class N42) that was previously used in wind turbines

Source: Author

The magnetic characterization of the End-of-Life magnet is presented in Figure 13,
which shows the demagnetization curve. The x-axis represents the applied field, measured in
kilo Amperes per meter (kA/m). The y-axis represents the polarization of the sample, measured
in Tesla (T), indicating the magnet's ability to retain magnetization when the applied field is
zero. For the End-of-Life magnet used in this work, the remanence value is 1.2 T and the

coercivity is approximately 1500 kA/m.
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Figure 13 - Demagnetization curve of the End-of-Life magnet used for the investigations of
this study
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The PA-12 binder system used in this study was sourced from the DuraForm PA2200
class, which is manufactured by 3Dsystems, a well-known provider of 3D printing raw
materials. The choice of PA-12 was based on its technological and thermal properties, which
make it suitable for laser processing. Table 1 provides more information regarding this
polymeric binder. PA-12 is commonly employed as a binder for producing composite magnets

using LPBF.

Table 1 - Technological and thermal properties of Polyamide-12 used in this study as the
polymeric binder

Powder Properties PA-12 Test Method Units

Tap Density 0.59 ASTM D4164 g/cm’?
Particle Size Average 58 Laser Diffraction pm
Melting Point: Tm 184 DSC °C

Source: [94]
3.2  PROCESSING

A flowchart of the methodology for the processing used in this work is presented in

Figure 14. This methodology involves three main steps, namely powder production, feedstock

production and printing magnets.
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Figure 14 - Flowchart of the processing methodology used in this study, detailing the three
main steps: powder production, feedstock production, and printing magnets.
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The initial step involves disintegrating the End-of-Life bulk magnet into a friable
powder with the suitable technological properties for utilization in LPBF. The resultant powder
must exhibit high coercivity values, rendering it adequate for the production of bonded magnets.
This transformation process employs two hydrogen-based techniques: Hydrogen Decrepitation
(HD) and Hydrogenation, Disproportionation, Desorption, Recombination (HDDR). These
methods are instrumental in both the pulverization and magnetic hardening of the powder.

During the feedstock production step, the ferromagnetic powder derived from the
preceding process is combined with Polyamide 12 (PA-12). This combination is utilized to
investigate and analyze various feedstock compositions and their influence in the final
properties of printed bonded magnets.

In the final stage, bonded magnets are produced using a prototype additive
manufacturing LPBF machine. Following production, the recycled Nd-Fe-B bonded magnets
are subjected to microstructure analysis and evaluation of their magnetic properties. The
subsequent subsections of this chapter will provide a detailed description of the processing route
utilized in this study, which includes Powder Production (Section 3.2.1), Feedstock Production

(3.2.2), and Printing Magnets (3.2.3).

3.2.1 Powder Production

3.2.1.1 Hydrogen Decrepitation (HD) Methodology

This study employs the HD process, initially developed by Harris et al. [35] and
subsequently utilized by McGuiness ef al. [95] among others, who have significantly advanced
the understanding and application of this process. The HD process implemented in this research
is based on fundamental principles extensively documented in the literature and is routinely
applied in the activities of the Magnetic Materials Laboratory (MAGMA). The HD procedure,

as illustrated in Figure 15, is detailed as follows:
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Figure 15 - Simplified procedure for the HD employed in this work, including crushing the
End-of-Life magnet into fragments and placing them into the decrepitation chamber under a
hydrogen atmosphere.
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1. The fragmented sintered magnet block, weighing 1.5 kg, was placed within the
decrepitation chamber of the HD rig and sealed.

2. Subsequently, the system underwent evacuation, reducing the internal pressure to
approximately 107 mbar.

3. To initiate the decrepitation reaction, the chamber was then filled with hydrogen
until a pressure of 1.5 bar was attained. The pressure level was continuously monitored until it
displayed a decrease, indicating the commencement of the decrepitation process.

4. In response to pressure reduction, additional hydrogen was introduced into the
system as needed to maintain a stable pressure of 1.5 bar.

5. Once the pressure remained constant for a period of 1 hour, marking the completion
of the reaction, the system was evacuated once more.

6. Following evacuation, the sealed decrepitation chamber was transferred to an argon-
filled glovebox, providing an inert and controlled environment.

7. Within the glovebox, the resulting HD powder was managed and stored, ensuring

its exposure to an atmosphere containing less than 50 ppm oxygen

The system utilized in this study for the HD process is depicted in Figure 16. It
comprises a hydrogen cylinder serving as the H» source for the HD process. The fragmented
End-of-Life magnet is placed in the decrepitation chamber. Pressure during processing is
monitored by a manometer, while a rotary vacuum pump evacuates the system to minimize
atmospheric contamination. Additionally, a Pirani gauge is employed to monitor low pressure

during the evacuation process.
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Figure 16 - Principal components of the HD process system used in this study
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To verify the suitability of HD powder as a feedstock for LPBF, a comminution
process was performed. The HD powder underwent size reduction using a porcelain mortar and
pestle, followed by sieving through a 106 um sieve. This procedure, illustrated in Figure 17,
was selected based on literature insights [22 — 24], thereby ensuring adherence to recommended

particle size distribution standards.

Figure 17 - Comminution process for HD recycled powder preparation that involves milling
using a porcelain mortar and pestle, followed by sieving through a 106 pm sieve.
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Following HD processing, the resulting powder underwent characterization to assess
its properties. A scanning electron microscope (SEM) operating in secondary electron mode
was employed to examine the microstructure and evaluate the morphology of particles after HD
treatment and sieving. The size and morphology of the powder particles were found to
significantly influence the quality of magnets produced by LPBF technique [16, 24]. Detailed
information on the characterization methods, including the specific models of the equipment
used, can be found in Subchapter 3.3.

Magnetic characterizations of the HD product were conducted using a hystograph to
measure coercivity, remanence, and maximum energy product. These measurements are
essential for evaluating the need for further enhancement of the magnetic properties of the
powder, ensuring its suitability as a raw material for bonded magnets. Literature indicates that
powder produced via the HD process exhibits significantly diminished magnetic properties
compared to the original End-of-Life magnet [17]. This reduction in magnetic properties,
critical for material performance, is primarily attributed to microstructural defects induced by

the HD processing method.

3.2.1.2 Hydrogenation, Disproportionation, Desorption, Recombination (HDDR) Methodology

Several advanced technological methods can produce particles with submicrometric
grain sizes. These methods include surfactant-assisted high-energy ball milling, gas
atomization, chemical reduction from oxides, rapid quenching, recrystallization from the
amorphous state, and the Hydrogenation, Disproportionation, Desorption, Recombination
(HDDR) process [96]. In this study, the HDDR process was selected to promote hard magnetic
properties to recycled HD powder due to its relatively straightforward processing involving
hydrogen.

The HDDR process, a well-established method for refining the grain microstructure of
rare-earth-based alloys, was initially developed by Takeshita and Nakayama [57] and later
refined by McGuinness et al. [58]. The parameters utilized in this study integrate principles
from these and other references [25, 26, 53, 59 — 61, 97, 98]. The procedure was executed using
a furnace tube and the system similar to the one illustrated in Figure 16. Figure 18 offers a

simplified illustration of the HDDR process, with the specific parameters detailed below:
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Figure 18 - Simplified illustration of the HDDR process, showing the HD powder inside the

retort under a hydrogen atmosphere and the furnace tube.
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1. Sample Preparation:

A 10 g mass of HD powder was retrieved from the glove box.

The HD powder was transferred into a sealed retort.

2. Transfer to HDDR Rig

The retort, containing the HD powder in the sample tube, was positioned within

the HDDR furnace tube.

3. Evacuation and Heating

The HDDR rig system was subjected to a complete evacuation using a rotary
vacuum pump, reaching a pressure of approximately 10~ mbar.

Then the chamber was filled with hydrogen until a pressure of 1.5 bar was
attained. The pressure level was continuously monitored and maintained from
1.4 to 1.6 bar of hydrogen.

The system was then heated to the desired processing temperature within the
range of 800-940°C.

After reaching the processing temperature, a hold time of 15 minutes was

maintained.

4. Recombination Reaction

The recombination reaction was initiated by reducing the hydrogen pressure
within the system using the rotary vacuum pump
After 20 minutes, hydrogen was completely removed from the system,

achieving a pressure of approximately 10~ mbar.

5. Cooling

With the furnace tube under full vacuum, the recombination reaction was

allowed to conclude.
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e To accelerate the cooling process, the furnace tube was rapidly cooled by

immersing it in a water bath, enhancing the cooling rate.

In step three, the optimization of the plateau temperature (ranging from 800 to 940 °C)
was conducted to maximize the magnetic properties of the recycled powder. Previous research
from the Magnetic Materials Laboratory (MAGMA) [26] and other consulted source [25]
indicated that other process parameters, such as hold time for disproportionation,
recombination, and hydrogen pressure, had minimal or no influence on the magnetic properties.
Consequently, these factors were not further investigated in this study.

Figure 19 illustrates the temperature versus time profile for the HDDR process. The
graph provides detailed information on the hydrogen pressure, set at 1.5 bar, and outlines the
specific steps involved in the disproportionation and recombination phases. The
disproportionation phase is maintained for a dwelling time of 15 minutes, followed by the

recombination phase, which lasts for 20 minutes.

Figure 19 - Temperature versus time profile for the HDDR process used in this study,
showcasing the hydrogen pressure, temperature range tested and dwelling time for both
disproportionation and recombination
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Following the HDDR process conducted at temperatures between 800 and 940 °C, the
resulting powders were analyzed using a hystograph to evaluate their magnetic properties. The

ferromagnetic powder obtained was then combined with a polymeric binder (PA-12) to
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fabricate compressed bonded samples, which served solely to measure the magnetic properties
of the HDDR particles and provide a reference for the printed bonded samples detailed in
section 3.2.3 of this study. The fabrication process involved creating a mixture with a specific
volume ratio of 55% HDDR powder and 45% PA-12, which was subjected to Cold Isostatic
Pressing (CIP) at a pressure of 150 MPa for 10 seconds. The resulting samples were cylindrical,
with an approximate diameter of 9 mm and a height of 6 mm.

In addition to measuring the magnetic properties of HDDR, a scanning electron
microscope (SEM) operating in secondary electrons (SE) mode was used to evaluate the

morphology and grain size of the recycled particles.

3.2.2 Feedstock Production

Following the flowchart in Figure 14, the next step is feedstock preparation. This
process involves forming a mixture with varying volume fractions of PA-12 and HDDR. To
evaluate the binder fraction's impact on the feedstock and its resulting effect on the final
properties of the produced bonded magnets, feedstock compositions of 30%, 45%, and 60%
vol. PA-12 were selected.

The volume fraction ofthe polymeric binder in printed bonded magnets, as highlighted
in the literature [92, 93, 99, 100], has a significant influence on the part's consolidation and
directly impacts the integrity and quality of the printed magnet. To embed ferromagnetic
particles effectively, a continuous polymeric matrix is essential [93]. Furthermore, having a
high density to eliminate the existence of pores is desired, as it contributes to the magnetic
properties of the printed magnet.

Previous study by Fim et al. [93] investigated the density optimization of 3D printed
Nd-Fe-B magnets with different feedstock compositions (36, 40, and 45% volume of binder).
Similarly, Rohrig et al. [101] performed density optimization investigations on printed
magnets, but using Sm-Fe-N ferromagnetic particles. With these studies as a basis, three distinct
volume fractions (30, 45, and 60% vol.) of the polymeric binder (PA-12) were chosen to
fabricate printed bonded magnets. This was carried out to investigate the impact of different
feedstock compositions and the characteristics of bonded magnets when recycled HDDR
powder is used as raw material.

Figure 20 illustrates the feedstock preparation process, which involves the
incorporation of HDDR particles into PA-12 using a Y mixer. The HDDR particles, produced

in the preceding stages of this study, are combined with PA-12 to create three distinct feedstock
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compositions: 30%, 45%, and 60% by volume of PA-12. The mixing process is conducted at a
rotational speed of 30 rpm for a duration of 15 minutes, ensuring homogeneity in the resulting

feedstock.

Figure 20 - Feedstock preparation process, detailing the incorporation of recycled
ferromagnetic particles into the polymeric binder and the resulting three feedstock

compositions.
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Source: Author

3.2.3 Printing Magnets

The final stage of the processing methodology in this study involved the fabrication of
printed bonded magnets via additive manufacturing (AM). A prototype Selective Laser
Sintering (SLS) machine, LaserFunde, produced by Alkimat, was employed to generate the
samples. This equipment includes a feeding platform, a building platform, and a dispenser, as
depicted in Figure 21. It operates using a gas-based carbon dioxide (CO>) laser with a power
output of 100 W. Each platform is equipped with dual internal heaters located at the top. The
design of each component was facilitated through STL file reading software, enabling precise

component design and customization of construction parameters for each sample batch.
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Figure 21 - Main components of the LPBF machine used in this work
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The samples used in this research were obtained from the prepared feedstock, which
combined HDDR and PA-12, utilizing the LaserFunde equipment. The selected parameters are
presented in the Table 2. These parameters were chosen based on the investigations of Fim et
al. [93], who optimized the additive manufacturing process for Nd-Fe-B bonded magnets by

exploring the interplay of polyamide-12 volumetric fraction and laser speed values.

Table 2 - Parameters of the LPBF to obtain Nd-Fe-B recycled bonded magnets of this study

Laser CO;2 (A= 10600 nm)
Laser beam power 40 W
Scan speed 600 mm/s
Hatch spacing 0.2 mm
Layer thickness 0.1 mm
Powder bed temperature 130 °C

Source: [93]

This equipment is available at the Innovation Center for Molding and Additive
Manufacturing (NIMMA), located at the UFSC Technological Center (CTC). A simplified
scheme showing the production of the printed bonded samples is illustrated in Figure 22 and

each LPBF cycle consisted of the following steps:
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Figure 22 - Scheme to produce bonded magnets from different feedstock compositions
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1. Each print batch was allocated in the equipment's feeding system and preheated to
160 °C for 20 minutes using infrared lamps.

2. Then, the composition of each studied print batch was processed using laser,
following the parameters described in Table 2.

3. After completing the printing cycle, each batch of samples was slowly cooled down
to room temperature while still inside the LPBF equipment.

4. Each fabricated batch consisted of printing three cubic samples measuring 10 mm

in dimensions.

After the printing process was completed, the samples underwent a series of
characterizations to evaluate their properties. The first characterization method employed was
the evaluation of geometrical density. This method is useful for determining the porosity and
magnetic load of the printed magnets.

Following the geometrical density characterization, the printed magnets were subjected
to microstructural characterization using scanning electron microscopy. This technique allowed
to observe the HDDR recycled powder embedded within the polymeric matrix.

A hystograph was used to measure the magnetic properties of the magnets, providing
their coercivity and remanence. These measurements are important for assessing the
effectiveness of the printing process and determining whether the recycled HDDR powder is

suitable for use in LPBF.
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3.3 CHARACTERIZATION TECHNIQUES

This subsection describes the characterization techniques used in this work. It is divided
into three main categories: 3.3.1 Magnetic Characterization, 3.3.2 Microstructural

Characterization, and 3.3.3 Other Techniques.

3.3.1 Magnetic Characterization

The aim of magnetic characterization is to obtain the main figures of merit of a magnet.
The hystograph subjects the sample to a magnetic field of sufficient intensity to demagnetize
the sample. Additionally, the measuring equipment detects the field induced by the sample. In
this way, the equipment plots the B-H cycle of the magnet and calculates the main properties
of these materials, such as remanence, coercivity, and maximum energy product.

A Brockhaus hystograph (model HG 200) was used in this study. This equipment
allows measurements at temperatures ranging from 25 to 180 °C, with a maximum applied field
of approximately 1700 kA/m. The software MAG-Expert was utilized for constructing the B-
H cycle. Prior to hystograph characterization, the samples underwent magnetization using a
GlobalMag CP2000 pulse magnetizer that applies a magnetic field of up to 4 T. The magnetic
characterization analyses were conducted at the Magnetic Materials Laboratory (MAGMA) on

the UFSC campus in Florianopolis.

3.3.2 Microstructural Characterization

The microstructural characterization was conducted using a Scanning Electron
Microscope (SEM) - JEOL JSM-6390 LM model with a maximum resolution of 1 nm (15 kV).
Images were captured in Secondary Electrons (SE) mode for topography and in Backscattered
Electrons (BSE) mode for chemical composition contrast of the phases. This process is useful
for identifying the phases present in the magnet. The analysis was conducted at the Central
Laboratory of Electron Microscopy (LCME) situated on the UFSC campus in Floriandpolis/SC.

For the BSE mode characterization, the preparation of samples was carried out using
the following steps: embedding the sample in resin, followed by sanding using sandpapers
(from 80 to 2000) and finally the sample was polished using diamond paste (1 um). It is

important to note that no kind of etching was utilized.
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Additionally, Magneto-Optic Kerr Effect (MOKE) analysis (using Zeiss Axio Imager.
D2m evico magnetics GmbH) was performed to analyse the domain structure of the end-of-life
magnet. The preparation of samples was the same as described for microstructural analysis
using SEM. A scheme of the surface analysis is shown in Figure 23, where the images were
captured on the surface perpendicular to the sample's c-axis (easy magnetization). This analysis
was carried out in the Functional Materials Laboratory of the Technical University of

Darmstadt, Germany (Funktionale Materialien — Technische Universitdt Darmstadt).

Figure 23 - Scheme of the surface analysis for Magneto-Optic Kerr Effect (MOKE)
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3.3.3 Other Techniques

3.3.3.1 Geometric Density

The analysis of geometric density (p) was conducted by measuring the volume and mass
of the samples. A digital caliper with two decimal place readings was used to determine the
volume. The mass was determined using a precision balance of the XS204 model from Mettler
Toledo. Based on the collected data, it is possible to estimate the porosity level of the magnets
by comparing the obtained values with maximum theoretical references. These references are

calculated using the Law of Mixtures, as shown in Equation 5 [24],

ptheo = (p PA12 X fPA12) + (p NdzFe14B X f NdzFe14B) (Eq. 5)

where f and p represent the volumetric fraction and density of each component used in the
feedstock, respectively. By comparing pgeo (geometric density) and pimeo (theoretical density), it
is possible to determine the porosity of the produced magnets based on the volumetric fraction

of PA-12 and the processing parameters used, according to the Equation 6:
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Porosity = 100 - (pgeo/Ptheo) (Eq. 6)

3.3.3.2 Elemental Analysis of Carbon, Oxygen and Hydrogen

The quantification of carbon and oxygen impurities was conducted at various stages
of the recycling process, including the bulk End-of-Life magnet, post Hydrogen Decrepitation
(HD), and post Hydrogenation, Disproportionation, Desorption, Recombination (HDDR). This
characterization aims to evaluate impurity uptake during each recycling phase. Additionally,
hydrogen quantification was performed to monitor hydrogen levels in samples following HD
and HDDR treatments.

Carbon content was determined using the EMIA Carbon/Sulfur Analyzer, which
employs infrared technology. The device combusts the sample within an induction furnace,
producing gases such as carbon dioxide and sulfur dioxide. These gases are then quantified
using HORIBA's Non-Dispersive Infrared (NDIR) technology, which identifies specific gas
molecules based on their infrared light absorption.

Elemental analysis of oxygen and hydrogen was carried out using inert gas fusion on
the Leco ONH836 instrument. Each analysis utilized 0.2 g of the material, with three

measurements taken per sample to ensure accuracy.
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4RESULTS AND DISCUSSION

This chapter details the results obtained throughout the research, segmented into three

primary subsections:

4.1

End-of-Life Magnet Characterization: This subsection elaborates on the
characterization of the recycled raw material utilized in this study.

Hydrogen Processing: This subsection presents an in-depth analysis of the results and
discussions regarding Hydrogen Decrepitation (HD) (4.2.1) and the Optimization of the
Hydrogenation, Disproportionation, Desorption, Recombination (HDDR) treatment
(4.2.2).

Additive Manufacturing of Bonded Magnets from Recycled Powders: This section
presents the findings on the processing of HDDR in Laser Powder Bed Fusion (LPBF)
for the fabrication of recycled bonded magnets, focusing on microstructural (4.3.1),

geometrical (4.3.2), and magnetic characterization (4.3.3).

END-OF-LIFE MAGNET CHARACTERIZATION

To characterize the End-of-Life magnet, a detailed microstructural analysis was

conducted using a scanning electron microscope (SEM) in Backscattered Electrons (BSE)

mode. This technique revealed the distinct phases present within the magnet. Figure 24

illustrates two discernible phases: Figure 24(a) presents an overview of the magnet, while

Figure 24(b) shows it at a higher magnification. The Nd>Fe14B phase is identified by its darker

appearance, whereas the Nd-rich phase is brighter. This contrast arises from the differing

chemical compositions of these phases, as observed in the BSE mode. The Nd-rich phase

appears lighter due to the higher atomic weight of Nd and its greater concentration in this phase

compared to the main Nd>Fe14B phase.



Figure 24 - Microstructural analysis of the End-of-Life magnet using SEM in BSE mode.
Figure (a) provides a comprehensive overview of the magnet, while (b) offers a higher
magnification view

50 pm

Source: Author
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The Nd>Fe14B phase, also referred to as the @-phase, exhibits high intrinsic magnetic
properties, including high saturation polarization (Js) and significant magnetocrystalline
anisotropy (Ha). By optimizing processing conditions and achieving desirable microstructural
characteristics, it is possible to produce high extrinsic magnetic properties values for a Nd-Fe-
B magnet. Notable extrinsic properties include remanence (B;), coercivity (Hg), and the
maximum energy product ((BH)max).

In terms of recycling, it is crucial to maintain the integrity of the @-phase and prevent
oxidation. This is because direct reprocessing of these magnets is not possible without their
composition and intrinsic properties. If the characteristics of the @-phase are not preserved,
additional processing (such as reduction-diffusion) is required to recover the Nd-Fe-B hard
magnetic phase. For the End-of-Life magnet used in this study, the initial condition of the ¢-
phase is satisfactory, and the magnet's corrosion status is not advanced.

Another important aspect to note is the grain size of the @-phase. As illustrated in Fig.
24 (b), the grain size is around 10 pm. Such a size is typical for sintered magnets produced
using powder metallurgy techniques. Magnets with smaller grain sizes are known to exhibit
higher coercivity values, which accounts for the H¢j observed in Fig. 13.

The brighter phase in Fig 24 refers to the Nd-rich phase and it provides insights into the
distribution of Nd in the microstructure of the magnet. A microstructure containing a thin layer
of the Nd-rich phase on the boundaries of each grain improves the magnetic properties,
particularly the coercive force. This improvement is attributed to the decoupling of the
ferromagnetic phase, which influences the interactions between Nd-Fe-B grains and prevents
the formation of reverse domains [32].

Additionally, the presence of at least two contrasts in the Nd-rich phase triple junction
grains suggests multiple phases, such as Nd oxide. This provides insight into the initial
condition of the raw material used for recycling in this study. Nd oxide could result from the
powder metallurgy processing, as it involves fine powder in a condition where Nd is highly
reactive with the air present in the atmosphere. Furthermore, the working conditions of the
magnet might affect the absorption of oxygen.

In Figure 25 and 26, the magnetic domain structures of the End-of-Life magnet and a
commercial magnet are presented, respectively. The images reveal a maze-like pattern of bright
and dark domains. These domains are characterized by their magnetizations directed
perpendicular to the observation surface, creating a visually interplay of contrasting regions.

This maze domain pattern is specifically observed at the c-plane [102, 103].
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The comparative analysis of Magneto-optic Kerr effect (MOKE) images reveals that
both the End-of-Life magnet utilized in this study and a commercially available magnet exhibit
identical maze-like patterns in their magnetic domain structures. This observation suggests that
the critical characteristics of the @-phase have been preserved in the End-of-Life magnet. The
preservation of these characteristics is crucial for maintaining the high property values and
quality of reprocessed Nd-Fe-B magnets.

In addition to the microstructural characterizations presented, an elemental analysis
was conducted to assess the carbon and oxygen content in the raw material used in this study.
Table 3 provides the measured values of the carbon and oxygen content in parts per million
(ppm). The raw material derived from End-of-Life magnets exhibited a carbon content of 1200
ppm, an oxygen content of 2500 ppm, and a hydrogen content of 60 ppm. It is important to note

that these values represent the mean of three measurements conducted on the same sample.

Table 3 - Carbon, Oxygen and Hydrogen content in the End-of-Life magnet and in a
commercial alloy

Sample C(ppm) = O(ppm)  H (ppm)
End-of-Life Magnet used in 1200 2500 58
this work
Commercial Alloy 160 450 -

Source: Author

In the context of recycling magnetic components, a critical consideration is the uptake
of carbon and oxygen in End-of-Life magnets, which serve as raw materials for new magnet
production. Existing literature [104, 105] has extensively studied the impact of these elements
on magnetic properties. High oxygen content, in particular, can detrimentally affect the
magnetic properties, especially in sintered Nd-Fe-B magnets. Significant oxygen uptake is
primarily observed in the Nd-rich phase, a crucial component for maintaining optimal magnetic
properties. This phase is essential for the decoupling of hard magnetic grains [106, 107].

A significant reference point is the typical oxygen content in a commercial alloy, which
is approximately 450 ppm, as detailed in Table 3. This value is considerably lower compared
to the oxygen content in the End-of-Life magnet used in this study, which measures 2500 ppm.
The elevated oxygen levels in the sintered magnet can be attributed to its prior processing via
powder metallurgy techniques. During this process, the bulk alloy undergoes hydrogen

decrepitation (HD) and fine milling, resulting in a powder form. Due to the reactive
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susceptibility of Nd-Fe-B, its interaction with the environment is more pronounced when in
powder form.

The recycling of End-of-Life magnets for the production of new magnets via
reprocessing necessitates careful consideration of the potential impacts on magnetic properties.
Utilizing recycled magnets as raw materials introduces elevated initial levels of oxygen and
carbon. Further increases in these levels during the reprocessing phase could adversely affect
the magnetic characteristics of the resultant magnet. Hence, the rise in carbon and oxygen
content in the final magnet's chemical composition, as influenced by the recycling process, must

be meticulously managed to preserve and optimize its magnetic properties [105 — 107].

4.2 HYDROGEN PROCESSING

This subsection presents the results derived from the application of two hydrogen
processing techniques aimed at producing suitable raw materials for Laser Powder Bed Fusion
(LPBF). The methods under investigation are Hydrogen Decrepitation (HD) and
Hydrogenation, Disproportionation, Desorption, Recombination (HDDR). Section 4.2.1 details
the outcomes of the HD process, while Section 4.2.2 elaborates on the results from the HDDR
method.

4.2.1 Hydrogen Decrepitation (HD)

The initial step in the recycling process examined in this study involved the application
of Hydrogen Decrepitation (HD) to the End-of-Life magnet. The HD process was conducted in

a hydrogen atmosphere at ambient temperature, as delineated in subsection 3.2.1.1.

4.2.1.1 Magnetic Characterization of the Decrepitated Powder

Figure 27 illustrates the demagnetization curves of the End-of-Life magnet (depicted
in black) and the decrepitated powder (depicted in orange). The HD product in this instance is
in particle form. Bonded samples were created by embedding HD particles in a polymeric
binder to secure these metallic particles. Magnetometry was then employed to measure these
samples. The graph (Fig. 27) displays a normalized demagnetization curve for the bonded

sample, indicating that only the ferromagnetic volume was taken into account. For this case,
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the remanence value is normalized, facilitating a direct comparison with the bulk properties of
the End-of-Life magnet.

The decrepitated powder has suboptimal magnetic properties, as shown in Fig. 27. This
is evidenced by its remanence of 0.18 T and a coercivity of 70 kA/m. The Hj indicate a 95%

reduction compared to the bulk properties of the End-of-Life magnet.

Figure 27 - Demagnetization curves of End-of-Life magnet (black) and decrepitated powder
(orange)
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The low coercivity value observed in the case of HD can be attributed to some factors.
The presence of hydrogen in solid solution reduces the anisotropy field of the Nd>Fe 4B phase,
and consequently, the coercivity [108].

In addition, the strong exothermic reaction during the HD involved in the formation of
Nd-H leads to the localized disproportionation of the material, thereby producing free iron in
the grain boundary material [108]. This subsequently results in a soft magnetic phase (a-Fe)
which is thought to be one factor that decreases the coercivity value of the powder.

In a study conducted by Zakotnik et al. [90] it was suggested that it is possible to nearly
fully recover the coercivity value of the initial magnet following a degassing heat treatment, in

which the hydrogen is removed from ¢@-phase and Nd-rich phase.



70

For further evaluation, a sample of the HD product derived from the End-of-Life magnet
was subjected to a degassing process. This process involved heating the sample under vacuum
conditions at a controlled rate of 10 °C/min until reaching a plateau, which was maintained for
1 hour at a temperature of 900 °C. Post-degassing, the resulting powder was sieved to classify
particles into distinct size fractions: less than 63 pum, between 63-125 pm, between 125-500
um, and greater than 500 um. The coercivity values corresponding to each particle size range

are presented in Figure 28.

Figure 28 - Coercivity values for different particle size ranges before and after the degassing
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In the referenced study [90], the authors successfully recovered approximately 90% of
the initial magnet's coercivity. However, their analysis focused on particles with an approximate
diameter of 1 mm. As illustrated in Figure 28, the enhancement of coercivity post-degassing is
significantly influenced by the particle size. Initial measurements indicated coercivity values
around 70 kA/m. Notably, as the particle size increased, H¢j values correspondingly rose, with
particles larger than 500 um achieving a coercivity of approximately 370 kA/m.

Based on the model by Kobayashi et al. [109], smaller particles are assumed to have a
higher defect concentration, which eases the formation of reverse domains during
demagnetization, thus reducing the coercivity. Reversed magnetic domains are observed to

nucleate at localized regions with lower anisotropy or defects, or in proximity to non-
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ferromagnetic grains that exhibit a higher stray field. The cracks and defects induced by HD
processing, as well as smaller particle sizes, can increase the number of these localized regions.
Thus, leading to an increase in the nucleation of reversed magnetic domains and a decrease in

coercivity [45, 67].

4.2.1.2 Microstructural Characterization of the Decrepitated Powder

Figure 29 presents a detailed examination of the powder in image (a), together with a
higher magnification view of the particle grain structure in image (b). The observed polyhedral
geometries have an average size of approximately 10 um. These geometries are derived from
the grains of the @-phase, which were identified prior to the HD process, as illustrated in Figure
29(b).

Hydrogen absorption induces different volume expansions in phases such as
NdyFe14sBH».7 (4.8% vol.) and NdH3 (16.4% vol.) [47], leading to decrepitation. The HD process
causes most cracks to manifest at the interfaces between Nd>Fei4B and Nd-rich phases in Nd-
Fe-B alloys. As depicted in Fig. 29 (a), a broad distribution of particle sizes is observed, ranging
from 10 um to over 100 um. Notably, larger particles exhibit grain agglomeration, which did
not fully separate post-HD, despite the particles being fragile by the processing.



Figure 29 - Detailed examination of powder after HD process, where (a) provides an
overview of the powder and (b) particle grain structure

Source: Author
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The powder subjected to decrepitation exhibits an irregular particle morphology,
characterized by angular particles of varying sizes. This heterogeneity in particle size
contributes to the powder's complex morphology, which significantly impacts its technological
properties. Notably, the flowability of the powder, critical for powder spreading during LPBF
processing, is directly influenced by this particle size distribution. Additionally, the packing
density, another critical technological property, is affected. The packing density, which
determines the volume of powder that can be compacted into a given space, has a direct impact
on the densification of the printed parts, influencing their final structural integrity and
performance [22 — 24].

To ensure compliance with the recommended powder size requirements for LPBF
technologies, as indicated in the literature [22 — 24], a sieving process was conducted. The
procedure involved sieving all particles to achieve a size below 106 um, in alignment with the
suggested parameters. This approach is consistent with methodologies employed in similar
studies, as referenced in the provided literature [99, 101, 110, 111].

Figure 27 illustrates that the HD powder, post-degassing, displays minimal coercivity
within the specified size range (< 106 pm). Consequently, coercivity adjustments are imperative
before utilizing this powder as feedstock. To address this, the Hydrogenation,
Disproportionation, Desorption, Recombination (HDDR) process is employed to produce
nanocrystalline particles.

The present study details the utilization of End-of-Life magnets as raw materials and the
application of HD to produce powder. This method uses the friability of the material under HD
conditions, optimizing particle size for specific AM process through milling and sieving.
Following this, the coercivity of the powder can be fine-tuned using the HDDR process. This
approach introduces a novel pathway for incorporating recycled raw materials into powder-

based AM technologies.

4.2.2 Optimization of the Hydrogenation Disproportionation Desorption

Recombination (HDDR) Treatment

As detailed in subsection 4.2.1, the recycled powder exhibited suboptimal magnetic
properties, necessitating the implementation of an alternative strategy to enhance these
properties. One viable approach involves the development of a nanocrystalline grain structure
within the recycled powder. The HDDR process is a recognized method for achieving refined

grain structures in Nd-Fe-B alloys. This technique induces hydrogen-induced phase
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transformations to produce highly coercive Nd-Fe-B powders. This subsection focuses on the
optimization of the HDDR treatment performed in this study, with the objective of generating

high-coercivity powders suitable for use in LPBF applications.

4.2.2.1 Magnetic Characterization of the HDDR Powder

According to the methodology outlined in section 3.2.1, a series of plateau temperature
experiments were conducted, ranging from 800 to 940 °C, to maximize the magnetic properties
of the recycled powder. Other variables, including hold time for disproportionation,
recombination, and hydrogen pressure, were not examined. Prior research conducted at the
Magnetic Materials Laboratory (MAGMA) [26], as well as studies by other authors [25],
suggest that these parameters have a negligible impact on the magnetic properties values of
treated powders.

The experimental results reported by Engerrof [26] indicate that variations in the
disproportionation time, ranging from 60 to 240 minutes, do not significantly impact the
magnetic properties of the material. Furthermore, the recombination plateau time was found to
stabilize after 15 minutes, suggesting that this duration is adequate for the completion of the
recombination reaction. Notably, the plateau temperature emerged as the most critical factor
influencing the coercivity value. This finding is corroborated by Lixandru [25], who also
observed that temperature plays a pivotal role in determining the final coercivity value of
HDDR powder.

Therefore in this study, the disproportionation and recombination plateau times were
not further investigated. Instead, the plateau temperature was varied and the properties of the
product were measured.

The demagnetization curves depicted in Figure 30 illustrate the magnetic properties of
samples subjected to varying HDDR plateau temperatures. The ferromagnetic powder obtained
from these distinct HDDR processing temperatures was combined with a polymeric binder (PA-
12) to fabricate compressed bonded samples. The samples were prepared with a volumetric
ratio of 55% HDDR powder to 45% PA-12, specifically to assess their magnetic properties.
Importantly, the polarization values presented in Figure 30 are normalized. This normalization
assumes that the samples are composed entirely of ferromagnetic particles, thereby excluding

the volume contribution of the polymeric binder.
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Figure 30 - Demagnetization curves of samples produced with various HDDR plateau

temperatures
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The initial processing carried out under 800 °C (red line) yielded a HDDR product with
a coercivity value of 270 kA/m and remanence of 0.40 T. A gradual increase in the HDDR
temperature plateau to 860 °C resulted in a product with Hj around 640 kA/m and B; of 0.51 T.
The processing conducted at 940 °C produced the highest coercivity value of 850 kA/m, which
signifies a 600% increase when compared to the HD powder. These findings confirm that higher
temperature plateaus correspond to increased coercivity values, reinforcing the strong
relationship between thermal processing conditions and magnetic properties.

The primary criterion employed in this study to determine the optimal set of processing
parameters is the resultant coercivity value of the powder. Based on findings from prior
optimizations in other studies [25, 26], coercivity values approximating 800 kA/m were judged
adequate for the ongoing investigation. These values are also indicative of the feasibility of
using the produced recycled in LPBF processes.

Additionally, the HDDR powder demonstrated coercivity values comparable to those
of commercially available powders. This is shown in Figure 31, which presents three
demagnetization curves for reference. These curves include the HD powder produced in this

study (depicted by the black dashed line), a spherical commercial powder (Magnequench MQP-
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S) shown by the red full line, and the optimized HDDR powder produced under the best
conditions (940 °C) shown by the green full line.

Figure 31 - Comparison of demagnetization curves for HD powder produced in this study, a
spherical commercial powder (Magnequench MQP-S), and optimized HDDR powder
produced at 940 °C
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The HD powder exhibited mean coercivity and remanence values of 70 kA/m and 0.18
T, respectively. Following HDDR processing, these values significantly increased to 850 kA/m
and 0.50 T. The magnetic properties of the HDDR powder are comparable to those of the MQP-
S powder, which has H¢j = 710 kA/m and B; = 0.60 T. Notably, the produced HDDR powder
demonstrates a higher coercivity value than the referenced commercial powder, indicating the
potential for utilizing recycled raw materials in the production of additively manufactured

bonded magnets.
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4.2.2.2 Microstructural Characterization of the HDDR Powder

Figure 32 presents a comparative analysis of the powder following the HDDR (a) and
HD (b) processes. Post-HDDR, the general characteristics of the powder are preserved, as
depicted in Figure 32 (a) and (b). The particle size exhibits significant variability, ranging from
approximately 100 pm to as small as 10 pm. Additionally, the HDDR process results in a
visually noticeable irregular morphology of the particles. The morphology, which refers to the
overall shape and surface of the particles, plays a critical role in various aspects of LPBF
processing. The irregular morphology impacts packing density, flowability, and heat transfer
properties during the LPBF process [22, 23].

Figure 33 illustrates scanning electron microscopy (SEM) images of HDDR-processed
particles. Panel (a) shows a detailed view of a single particle, while panel (b) presents the same
particle at a higher magnification. The polyhedral structures of the original grains from the End-
of-Life magnet are preserved post-HDDR processing. The particle surface exhibits increased
roughness, likely resulting from the refined grain structure within the particles. As shown in
Fig. 33(b), the average grain size is approximately 300 nm. The high coercivity value of 850
kA/m observed in the HDDR sample is attributed to this refined 300 nm grain structure. This
observation aligns with studies by Lixandru [25] and Engerrof [26], who reported sub-

micrometric grains ranging from 200 nm to 500 nm while optimizing HDDR parameters.



Figure 32 - Comparative analysis of powder morphology post-HDDR (a) and post-HD (b)
processes
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Figure 33 - SEM images of HDDR powder: a) a single HDDR particle, and b) the same area
viewed at a higher magnification
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As outlined and noted in various research findings [57 — 62], the HDDR processing
leads to the disproportionation of Nd-Fe-B into a finely dispersed mixture of Fe-B and Nd-H
into an a-Fe matrix. This phenomenon arises due to the higher stability of Nd-H in contrast to
Nd-Fe-B-H. The disproportionation becomes evident at higher temperatures due to the
increased atomic diffusion within the solid-state structure [58].

Initially documented by [57] and subsequently corroborated by subsequent researchers
[58 — 61], the removal of hydrogen from Nd-H can be achieved through heating under vacuum
conditions at temperatures exceeding 800 °C. Consequently, the use of vacuum during
processing removes hydrogen, causing the recombination of a-Fe, Fe;B, and Nd-H
components, and ultimately restoring the original Nd-Fe-B phase. This process would be
expected to proceed from many nucleation sites and result in very fine, spherical-type grains
[58]. Thus, the initial microstructure of the end-of-life magnet, characterized by grains
approximately 10 um in size, undergoes a transition to a significantly finer grain size after the
HDDR treatment.

The peak coercivity recorded at 940 °C (as shown in Fig. 30) can be ascribed to the
establishment of an optimum grain size and the elimination of free iron, factors critical for the
development of high values of coercivity. Lower temperatures in the HDDR yield residual free
iron, while excessively high temperatures lead to undesirable grain enlargement, both of which
are detrimental to coercivity development [11].

In the diffraction analysis conducted by Engerrof [26], the presence of Nd-H and a-Fe
phases was noted in samples subjected to a plateau temperature of 730 °C. This occurrence was
attributed to the incomplete recombination of disproportionated phases back into Nd-Fe-B.
Similarly, comparable observations can be made in the samples examined in the current study,
treated within the temperature range of 800 °C to 900 °C. It is assumed that the inadequate
energy availability in the system at lower temperatures may account for this partial reaction.

Higher temperatures used in the HDDR process lead to excessive grain growth, a
phenomenon also observed by Engerrof [26]. In Figure 34, the micrograph obtained from
scanning electron microscopy analysis illustrates the powder sample treated at 850 °C [26]. A
comparison with the microstructure of the sample produced in the present study (Fig. 32)
reveals heterogeneities. The sample from [26] displays grains with an average diameter
exceeding 4 um alongside others measuring approximately 600 nm. Correspondingly, low
coercivity values are measured for the powder obtained by the HDDR, as this magnetic property

is influenced by grain size and microstructural irregularities. Considering the hardening
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mechanism characteristic of nanocrystalline materials, it is expected that coercivity values

would be low.

Figure 34 - SEM image (fracture surface) of HDDR powder with excessive grain growth.
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It is well known that the coercivity mechanism plays a significant role in the strategy to
enhance the magnetic properties. In pinning type magnets, as described in subsection 2.2.2.2 of
this work, the movement of domain walls is hindered by pinning centers. These centers can be
chemical inhomogeneities or defects that create a favorable energy environment for a domain
wall to form. Unpinning the domain wall from these centers requires a higher magnetic field.
One effective way to enhance pinning is by reducing the grain size. Regions with a highly
refined grain structure provide a strong pinning force that effectively anchors the magnetic
domains. As a result, demagnetization only occurs under higher applied magnetic fields [45].

This study investigated the application of HDDR processing to fabricate isotropic
particles. Future research could explore the utilization of dynamic-HDDR (d-HDDR) to
generate anisotropic particles. This technique has the potential to enhance the texture of
individual particles, enabling the production of anisotropic bonded samples through LPBF with
high remanence values. Such advancements could significantly progress the state-of-the-art in

textured bonded magnets manufactured by Additive Manufacturing.
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Despite the nascent stage and challenges associated with producing anisotropic magnets
via AM, preliminary studies have demonstrated its potential [ 110]. However, due to the intricate
nature of this method and the current lack of requisite infrastructure, this study does not further

delve into the application of HDDR for creating anisotropic particles for LPBF processing.

4.2.2.3 Elemental Analysis of the HD and HDDR Powder

Table 4 presents a comparative analysis of the oxygen, carbon, and hydrogen content
between the HD and HDDR products. Post-HD processing, the powder displayed a carbon
content of 1400 ppm, an oxygen content of 4900 ppm, and a hydrogen content of 1120 ppm.
Subsequent to the HDDR process, the carbon content was approximately 1290 ppm, the oxygen

content increased to 5100 ppm, and the hydrogen content significantly decreased to 110 ppm.

Table 4 - Carbon, Oxygen and Hydrogen content in the HD powder and after HDDR

Sample C(ppm) = O (ppm) = H (ppm)
End-of-Life Magnet after HD 1400 4900 1120
End-of-Life Magnet after HD 1290 5100 110

and HDDR

Source: Author

Comparing the values obtained from the End-of-Life magnet in its bulk state and after
HD processing (refer to tables 3 and 4), a significant increase in oxygen content was noted
(from 2500 ppm to 4900 ppm). This suggests potential contamination during or after the
process. The rise in hydrogen content (from 60 ppm to 1120 ppm) can be attributed to the HD
process itself, which introduces nascent hydrogen and causes the material to pulverize. This
phenomenon, however, increases the surface area of the particulated material in comparison to
the bulk state, making it more susceptible to environmental interaction and potentially leading
to oxygen uptake. Therefore, the higher oxygen content can be explained by moisture
adsorption into the surface of HD particles due to handling this powder under atmospheric
conditions.

Chun-Lin et al. [112] investigated the impact of hydrogen on the oxidation of coarse

decrepitated Nd-Fe-B powder using a weight change method. Their findings revealed that HD
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powder exhibited a higher oxidation rate and greater water absorption compared to the
dehydrogenated powder. According to the authors, hydrogen significantly influences the
oxidation process of decrepitated powder. Hydrogen bonds formed between hydrides in the
powder and water molecules in the surrounding air facilitate the rapid absorption of water. This,
in turn, accelerates the electrochemical reaction within the powder. Moreover, defects induced
by hydrogen in the powder induces oxygen diffusion.

Following the HDDR process, a notable decrease in hydrogen content was observed
from 1120 ppm to 110 ppm. This suggests successful recombination during processing. The
reduced pressure in the evacuated system destabilizes the Nd-H phase, prompting the
recombination of the three phases formed from disproportionation (Nd-H, Fe, and Fe-B) to
reform the Nd,Fe4sB phase. Nearly complete removal of hydrogen is essential for HDDR to
restore the @-phase and eliminate any leftover soft magnetic phases. This process is significant
in achieving the desired coercivity value in the final particulate material produced by HDDR.

Although the carbon content after HDDR is slightly lower compared to the HD powder,
this discrepancy is not considered significant enough to draw definitive conclusions. It is likely
that this minor difference can be attributed to the measurement process. For the purposes of this
work, the values are considered comparable.

The observed increase in oxygen content after HDDR, although not as significant as the
earlier uptake from the bulk End-of-Life magnet to the HD stage (from 2500 ppm to 4900 ppm
of oxygen, as shown in table 3), raises attention to potential sources of contamination. One
possible source could be inadequate degassing of the chamber with HD powder during the
preparation prior to HDDR processing, leading to the initiation of the treatment with some
contamination inside the retort. However, oxygen is probably being absorbed by the Nd-rich
phase, thus preserving the Nd-Fe-B phase and resulting in the high magnetic properties
observed after optimizing the HDDR process.

In nanocrystalline powders, the rich phase does contribute to the development of high
magnetic properties. However, the lack of a rich phase is even more problematic in sintered
magnets, as it directly affects the coercivity mechanism and the densification of the Nd-Fe-B
magnet. In sintered magnets, the coercivity mechanism, known as the nucleation type, involves
the Nd-rich phase preventing the nucleation of reversed domains by smoothing defects along
the grain boundaries and creating “magnetic isolation” of Nd-Fe-B grains [67].

In contrast, the situation in HDDR powder is different. Here, the coercivity mechanism
is directly related to the grain size of the @-phase. These grains, being smaller than the critical

domain size (~300 nm), act as barriers to the propagation of reversed magnetic domains [45].
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Therefore, while the rich phase does play a role in enhancing magnetic properties in
nanocrystalline powders, its absence in sintered magnets poses a greater challenge due to its
critical role in the coercivity mechanism and densification process.

Furthermore, the substantial absorption of oxygen subsequent to HD and HDDR
processing does not impede the reprocessing through the selected hydrogen-based method.
End-of-Life magnets can be effectively repurposed as raw material sources, generating powder

via the discussed process for application in powder-based AM technologies.

4.3 ADDITIVE MANUFACTURING OF BONDED MAGNETS FROM
RECYCLED POWDERS

This section provides a comprehensive explanation LPBF process applied to recycled
powder derived from End-of-Life magnets. The primary objective is the conversion of recycled
powder into additively manufactured bonded magnets. The initial phase involves the
preparation of feedstock, which includes selecting high coercive HDDR particles and a polymer
binder, specifically polyamide 12 (PA-12). These components are mechanically mixed in
varying volume fractions of PA-12, ranging from 30% to 60%. Subsequently, the prepared
feedstock is loaded into a prototype Selective Laser Sintering machine, with detailed processing

parameters outlined in Section 3.2.3 of this work.

4.3.1 Microstructural Characterization of As-Printed Magnets

The feedstock tested with a 30% vol. PA-12 concentration was unable to produce a
sample with mechanical integrity. This is likely due to the low binder fraction and high porosity
after printing, which is insufficient to form a continuous matrix that holds all the HDDR
particles together. Fim [111] observed that a bonded magnet obtained by LPBF needs a
minimum binder fraction in the feedstock to have less porosity and form a continuous polymeric
matrix. Therefore, in the case of the tested feedstock with a 30% vol. PA-12, it was not possible
to form this matrix.

Figure 35 shows SEM images obtained from the surface of printed magnets with a
volume fraction of 45% PA-12. In image a), an overview of the bonded magnet is provided,
while image b) shows a higher magnification of a specific area. These images visually depict

two solid phases and the presence of pores. The gray regions in the images represent HDDR
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particles, while the black regions represent the PA-12 binder. Thus, the microstructure is
characterized by the embedded HDDR particles within a polymeric matrix.

SEM images of the surface of the printed magnets, with a 60% volume fraction of PA-
12, are shown in Figure 36. Figure a) provides an overall view of the bonded magnet, while
Figure b) offers a closer look at a specific area. The same characteristics observed in the magnet
with 45% volume fraction of PA-12 are present in this case. There are two solid phases present,
with gray regions corresponding to HDDR particles and black regions corresponding to PA-12
binder. However, the magnet with a higher volume fraction of PA-12 exhibits a greater presence

of the polymeric phase.
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4.3.2 Geometrical Characterization of As-Printed Magnets

Table 5 presents a comprehensive analysis of the as-printed samples, focusing on their
density and porosity values. For the samples incorporating 45% vol. PA-12, the density
remained stable at approximately 2.10 g/cm?, corresponding to a porosity fraction of around
52%. This consistency in density suggests a relatively homogeneous polymeric matrix when
compared to the feedstock containing 30% vol. PA-12. Nonetheless, as illustrated in Figure
35(b), Scanning Electron Microscopy (SEM) analysis identified the presence of pores within
the polymeric matrix and the HDDR particles.

Table 5 - Density and porosity analysis of as-printed samples with different PA-12 volume

fractions
Sample p (g/cm?®) | piheo (g/cm3) Porosity (%) Magnetic Load (%)
45 % vol. PA-12 2.10 4.63 55 24
2.26 51 27
2.06 56 24
60 % vol. PA-12 2.73 3.65 25 30
2.55 30 28
2.61 28 29

Source: Author

For samples with 60% volume of PA-12, the density was approximately 2.60 g/cm?,
indicating a porosity fraction of about 28%. In contrast with samples containing 45% volume
of PA-12, the ones with 60% vol. PA-12 exhibited a more continuous polymeric matrix. This
is demonstrated by the absence of porosity in Figure 36(b), where SEM analysis reveals that
the polymeric phase more effectively encapsulates the HDDR particles.

The reduction of porosity in the LPBF process of Nd-Fe-B composite magnets is also
affected by the composition of the feedstock. Some authors have investigated the improvement
of densification through this AM processings.

Baldissera [113] and Engerroff [114] employed a volume fraction of 34% polyamide-
12 in the feedstock for LPBF. Baldissera [113] achieved the highest geometric density of p =
3.60 g/cm® (30% porosity), while Engerroff [114] obtained a maximum density of p = 2.48
g/cm?® (52% porosity). However, in both cases, the formation of a continuous matrix was

suboptimal.
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According to the optimal processing conditions described by Fim [111], the
densification process improved with an increased volumetric fraction of PA-12. Produced
bonded magnets using 36% volume of PA12 achieved a maximum density of p = 3.91 g/cm?,
with a corresponding porosity of 24%. Increasing the fraction of PA12 to 40% volume resulted
in a higher density of p = 4.57 g/cm?® (5% porosity), representing a significant reduction in
porosity compared to the bonded magnets obtained. Further increasing the fraction of PA-12 to
45% volume resulted in magnets with a density of p =4.33 g/cm? and a porosity of 4%.

The significant increase in the values of geometric density of composite magnets
obtained via LPBF observed in the study of Fim [111] can be explained by some factors. One
important consideration is the requirement for a minimum amount of binder in order to create
a continuous polymeric matrix. This is essential in LPBF, as it involves consolidating loose
layers of powder. As a result, it is necessary to adjust the volume fraction of polymeric binder
in order to ensure full consolidation.

As stated by Kruth ef al. [115], liquid phase assisted sintering in LPBF not only
eliminates porosity but also causes the rearrangement of Nd-Fe-B particles. This rearrangement
is driven by capillary forces exerted by the liquid phase on the solid particles. LPBF utilizes the
polymeric binder as the liquid phase during laser melting, making it a form of liquid phase
assisted sintering.

In addition to controlling the binder fraction in the feedstock, other factors can
significantly influence the densification of additively manufactured bonded magnets. Fim [111]
conducted a study to investigate the optimization of printing parameters and its impact on the
geometrical density of a 45% vol. PA-12 bonded magnet. The findings showed that by using a
laser speed of 600mnV/s, the density achieved was 4.30 g/cm? with only 4% porosity. On the
other hand, when the laser speed was increased to 1400 mm/s, the density decreased to 3.06
g/cm?® with a higher porosity of 32%.

The crucial aspect of optimizing processing parameters during printing is managing the
energy density while the laser beam interacts with the powder bed. The appropriate energy
density facilitates the fusion and complete coalescence of the polymeric particles, as well as the
bonding of the Nd-Fe-B particles to the matrix. When the energy density is reduced (by
increasing the laser speed parameter), the laser energy becomes insufficient for the complete
fusion of the binder, resulting in the formation of porous bonded magnets.

Thus, the high porosity observed in this study (refer to Table 5) might be due to the

inappropriate parameters used to produce bonded magnets. Therefore, additional investigations
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into processing parameters could be conducted to optimize the energy density during laser
processing, which could help maximize the densification of printed parts.

The morphology of the ferromagnetic particles used in the feedstock can also influence
the densification of the printed bonded magnet. Rohrig [101] conducted a study investigating a
wide range of PA-12 volumetric proportions in composite materials containing Sm-Fe-N
particles with a "plate" morphology. It was observed that when the volume of the binder exceeds
60%, a cohesive polymeric matrix is formed. The study resulted in composite magnets with a
peak geometric density of p = 3.35 g/cm® (11% porosity) when using this feedstock
composition.

Rohrig et al. in another work [99] also discovered that altering the Sm-Fe-N particles
from a “plate” shape to an “irregular” form reduced the necessary volume of binder for creating
a continuous matrix. With 40% PA-12 by volume, they were able to produce composite magnets
with a density of p =4.20 g/cm?, equating to 16% porosity. For comparison, magnets made with
“plate” type particles had a density of p = 2.68 g/cm?, or roughly 48% porosity.

Mapley et al. [116] produced magnets from Nd-Fe-B powders with both flake and
spherical particle morphologies. Their findings indicated that the printed bonded magnets made
with spherical powder had a higher density than those made with flaked powder. The authors
explained that this was expected due to the better packing density of spherical particles, which
is attributed to their smooth and regular shape.

Therefore, the irregular morphology of the HDDR recycled particles utilized in this
study can impact in the density of the printed magnet. The findings presented in Table 5 can be
attributed to this morphological irregularity. Additionally, the polymeric fraction in the
feedstock and the specific parameters used during the printing process further contribute to the
observed results.

Figure 37 visually illustrates the levels of magnetic load, polymer, and porosity in the
produced bonded magnets. These values were derived from the data presented in Table 5, which
averages the results of three printed samples. The percentages of these components were
determined using theoretical densities to calculate the porosity. The remaining volume was then
proportionally calculated from the original feedstock mixture, considering the remaining

magnetic load and the polymeric binder.
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Figure 37 - Illustration of magnetic load, polymer content, and porosity levels in fabricated
bonded magnets

Feedstock 45 % vol. PA-12 | Feedstock 60 % vol. PA-12
a) b)

u Porosity ® Magnetic Load = Polymeric Binder

Source: Author

Figure 37(a) illustrates that magnets fabricated from a feedstock containing 45% vol.
PA-12 exhibited an average magnetic loading of 25% and a porosity of 54%. In contrast, the
feedstock with 60% vol. PA-12 (Fig. 37 b) achieved a magnetic loading of 29%. Despite the
higher concentration of ferromagnetic particles in the 45% vol. PA-12 feedstock, a decrease in
density was observed following laser processing. Consequently, the magnetic properties of the
45% vol. PA-12 feedstock were inferior to those of the 60% vol. PA-12 feedstock, which
maintained a magnetic loading of 29%.

With a composition of 45% vol. PA-12, the presence of pores is more pronounced due
to the partial adherence of the ferromagnetic particles to the polymer matrix. When the binder
volume is increased to 60%, there is a marked improvement in the adherence of these particles,
leading to a higher material density. This increased density is achieved as the polymer matrix
fills the spaces previously occupied by pores, thereby incorporating more HDDR particles.

Understanding the significance of the magnetic load volume in a bonded magnet is
important for maximizing its magnetic properties. The volumetric fraction of the magnetic
phase within the composite material directly influences the magnet's overall magnetic
performance. A higher volume of the magnetic phase correlates with enhanced magnetic
properties, such as increased energy product. Consequently, the volumetric fraction of
ferromagnetic material is a critical determinant of the bonded magnet's properties and its
potential applications [117]. Future investigations should focus on maximizing the magnetic

load in printed bonded magnets made from HDDR recycled powder.
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4.3.3 Magnetic Characterization of As-Printed Magnets

The demagnetization curves of the printed magnets are illustrated in Figure 38, while
the magnetic characterization values, specifically remanence and coercivity as a function of
binder fraction, are detailed in Table 6. The samples containing 45% volume of PA-12,
represented by the solid yellow line, exhibited a remanence of approximately 180 mT and
coercivity values around 600 kA/m. In contrast, the samples with 60% volume of polymeric
binder, depicted by the solid red line, demonstrated a remanence of approximately 190 mT and
coercivity values of around 668 kA/m. Additionally, Figure 38 includes a black dashed line

representing the HDDR powder before printing as a reference.

Figure 38 - Demagnetization curves of printed magnets with varying binder fractions (45%
and 60% volume of PA-12) compared to HDDR powder before printing
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Table 6 - Magnetic characterization values of printed magnets showing remanence and
coercivity as a function of binder fraction (45% and 60% volume of PA-12)

Sample B: (mT) H¢j (kA/m)
45 % vol. PA-12 170 610
190 600
170 596
60 % vol. PA-12 200 672
190 667
190 665

Source: Author

The comparison of coercivity values between the starting HDDR material and the
bonded magnets reveals a loss of approximately 30% for samples with 45% volume of binder
and a loss of 21% for those with 60% volume of PA-12. This divergence in measured values
can be attributed to the significantly increased porosity observed in the as-printed samples.
Specifically, the porosity was measured to be around 50% for samples with 45% volumetric
fraction of PA-12 and 30% for those with 60% volumetric fraction of PA-12.

The observed decrease in coercivity values can be attributed to the enhanced capacity
of the magnetic particles to undergo rotation during magnetometry. This rotation is facilitated
by an incomplete bond between the magnetic particles and the PA-12 matrix, which occurs as
a result of inadequate melting in the printing process. When the polymer matrix volume fraction
is lower, it can lead to the formation of more porous regions within the sample. These porous
regions offer limited points of contact for the ferromagnetic particles (specifically, the HDDR
particles), enabling weaker bonds between particles to rotate under the influence of an external
magnetic field.

Schéfer et al. [100] observed this behavior when the volume fraction of polymeric
binder is approximately 10%, more MQP-S particles undergo rotation. This rotation leads to a
significant decrease in coercivity values compared to samples with a higher volume fraction of
polymeric binder. This finding is consistent with the research conducted by Engerroff et al.
[114], who also observed a reduction in H¢j during the LPBF process of Sm-Fe-N.

Thus, it is apparent that the observed decrease in coercivity values in the printed bonded
samples can be attributed to the rotation of HDDR particles during magnetometry measurement.
This phenomenon occurs when the magnetic particles within the sample undergo rotational

movement, leading to a reduction in coercivity.
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However, it is expected that the coercivity values will increase in a system with lower
porosity, where the magnetic particles form stronger bonds with the polymeric matrix. This
occurrence can be attributed to the more efficient attachment of magnetic particles in the
polymeric matrix, leading to greater resistance against demagnetization forces. As a result, the
magnetic particles exhibit increased resistance to rotation during measurement, ultimately
favoring higher coercivity.

In order to obtain a sample with reduced porosity, a set of the samples was chosen for
Cold Isostatic Pressing (CIP). This further investigation was implemented to study how the
porosity evolves in correlation with the magnetic properties of the printed bonded magnets.

Figure 39 illustrates the demagnetization curves for various samples under two distinct
conditions. The dashed lines represent the as-printed samples, with the yellow line
corresponding to the sample containing 45% volume of PA-12 and the red line representing the
sample with 60% volume of PA-12. In contrast, the solid lines depict the same samples
following CIP at 150 MPa for 10 seconds. Here, the blue line denotes the sample with 45%

volume of PA-12, while the green line represents the sample with 60% volume of PA-12.

Figure 39 - Demagnetization curves of as-printed and cold isostatic pressed samples with
varying polyamide-12 volumes
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Table 7 provides an analysis of the geometric and magnetic characterization of printed

magnets, both prior to and following CIP. For samples containing 45% vol. PA-12, there is a
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notable enhancement in geometric density, rising from 2.10 to 3.18 g/cm?. This improvement
corresponds to a significant reduction in porosity, decreasing from 55% to 31%. Similarly,
samples with 60% vol. PA-12 exhibit an increase in densification, with geometric density
values improving from 2.73 to 3.16 g/cm?, which translates to a decrease in porosity from 25%

to 13%.

Table 7 - Geometric and magnetic characterization of printed magnets before and after cold
1sostatic pressing (CIP)

Sample Density (g/cm?) | Porosity (%) @ Br (mT) | Hcj (kA/m)
45 % vol. PA-12 (as-printed) 2.10 55 170 610
60 % vol. PA-12 (as-printed) 2.73 25 200 672
45 % vol. PA-12 (CIP) 3.18 31 280 698
60 % vol. PA-12 (CIP) 3.16 13 230 715

Source: Author

Table 7 also demonstrates the impact of pressing on the magnetic properties of printed
samples. For samples containing 45% vol. PA-12, the remanence exhibited a notable increase
from 170 mT to 280 mT, while the coercivity improved from 610 kA/m to 698 kA/m. Similarly,
samples with 60% vol. PA-12 showed enhancements, with remanence rising from 200 mT to
230 mT and coercivity increasing from 672 kA/m to 715 kA/m.

A comparable enhancement in magnetic properties was documented in the research
conducted by Baldissera [113]. In this study, a significant reduction in porosity was observed,
diminishing from 25% to nearly zero for spherical Nd-Fe-B particles. The system incorporated
a 34% volume fraction of PA-12. Following this densification improvement, the remanence of
the samples notably increased from 300 mT to 450 mT.

As previously discussed, it was expected that coercivity values would increase with
reduced sample porosity [100, 111]. This can be attributed to the decreased rotation of
ferromagnetic particles during magnetometry measurement. The same phenomenon was
observed in the samples produced in this study. Following CIP, the ferromagnetic particles
exhibited stronger adherence to the polymeric matrix, thereby enhancing resistance to rotation
during measurement.

However, it is observed that the coercivity value did not revert to its original benchmark

of H¢j = 850 kA/m. This reduction in H¢j was evident when comparing values measured before
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and after the laser processing. Despite the partial elimination of porosity, the coercivity value
in the bonded magnets remained at approximately 700 kA/m.

A potential reason for the decrease in intrinsic coercivity following LPBF is particle
degradation. This hypothesis, while unproven through experiments, is speculated for HDDR
particles obtained from End-of-Life magnets. Nonetheless, this behavior is not observed in
spherical MQP-S particles or other ferromagnetic powders published in literature [26, 101, 110,
111, 113].

Baldissera's study [113] did not conclusively establish the effect of the laser beam on
coercivity of printed bonded samples. The author employed commercial spherical Nd-Fe-B
particles (MQP-S) as the magnetic load in the feedstock. The coercivity values measured in the
study fell within the expected range for this powder type, approximately 640 to 760 kA/m.
However, the influence of various processing variables on the magnet’s coercivity was not
conclusively determined. Therefore, the relationship between processing variables and
coercivity requires further investigation.

According to Rohrig et al. [99], similar observations were made in a HDDR developed
based on Sm-Fe-N. After LPBF, the coercivity values did not degrade significantly and
remained close to the original measured value even after laser processing (~770 kA/m).

The observed degradation in this study appears to be specific to the powder produced
by HDDR from End-of-Life magnets. This suggests that a microstructural alteration occurred
in the ferromagnetic particles when exposed to laser processing under specific LPBF
conditions. Consequently, this microstructural change could account for the observed reduction

in certain magnetic properties, notably coercivity, in the bonded magnet.

4.3.3.1 Final Observations

The bonded magnet developed in this research exhibits coercivity values comparable to
those reported in the literature for commercial Nd-Fe-B spherical powder (MQP-S). Table 8
provides a comprehensive overview of relevant studies on bonded magnet production using
LPBF. Remarkably, the as-printed magnets, even without optimization of processing
parameters, achieve coercivity values that are consistent with those in other studies.
Additionally, the as-printed samples, after undergoing cold isostatic pressing, demonstrate

higher coercivity values than those documented in other works.
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Table 8 - Comprehensive overview of coercivity values in bonded magnet production using
LPBF: comparison with commercial Nd-Fe-B spherical powder (MQP-S) and the recycled
HDDR powder developed in this study

Reference Raw Material Coercivity [kA/m]
Fim [93] MQP-S 720
Schéfer [100] 675
Baldissera [113] 694
Mapley [116] 734
45 % vol. PA-12 (as-printed) Recycled HDDR 610
60 % vol. PA-12 (as-printed) 672
45 % vol. PA-12 (CIP) 698
60 % vol. PA-12 (CIP) 715

Source: Author

This observation is particularly significant given that the raw material utilized in this
study is derived from End-of-Life magnets. The results indicate that the feedstock produced
from recycled materials, when processed according to the methodology outlined in this
research, exhibits no substantial disadvantages compared to commercial powders used in prior
investigations.

Furthermore, Figure 40 illustrates examples of complex-shaped bonded magnets that
can be produced using LPBF technology. These magnets can be fabricated using either
commercially available spherical Nd-Fe-B powder or the recycled HDDR powder developed
in this study.
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Figure 40 —Examples of complex-shaped bonded magnets fabricated using LPBF technology
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Another notable advantage of particulate material derived from recycling and reusing
End-of-Life magnets is its capability to create powders that can be aligned through the HDDR
process. Specifically, the d-HDDR process produces anisotropic powders that can be aligned
during or after laser processing in AM. This alignment facilitates the potential optimization of

the remanence values of recycled magnets produced by LPBF.
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SCONCLUSION

In this chapter, the main findings of the study will be outlined. The focus has been on
reprocessing End-of-Life magnets using the hydrogen processing route. This involves
Hydrogen Decrepitation (HD) and Hydrogen Disproportionation Desorption Recombination
(HDDR). The primary goal was to create a feedstock suitable for Laser Powder Bed Fusion
(LPBF) additive manufacturing, which enables the production of recycled bonded Nd-Fe-B
magnets.

The microstructural analysis of the End-of-Life magnet revealed crucial insights into
its constituents and integrity. Through scanning electron microscopy, distinct phases within the
magnet were revealed, namely the Nd>Fe4B phase and the Nd-rich phase. The former, also
known as the ¢-phase, is pivotal for high intrinsic magnetic properties, such as saturation
polarization and magnetocrystalline anisotropy, which are essential for the performance of
permanent magnets. Furthermore, the grain size of the @-phase plays a significant role in
determining the magnet's coercivity, with smaller grain sizes associated with higher coercivity
values. The presence of a thin layer of the Nd-rich phase around each grain boundary enhances
magnetic properties, particularly coercive force, by decoupling the ferromagnetic phase and
preventing the formation of reverse domains.

The microstructural integrity of the End-of-Life magnet, including the preservation of
the ¢-phase, was confirmed through magnetic domain structure analysis. The maze-like patterns
observed in the magnetic domain structures of both the End-of-Life magnet and a commercially
available magnet indicate the retention of critical characteristics necessary for high-quality
reprocessed Nd-Fe-B magnets. However, the recycling process introduces challenges related to
the uptake of carbon and oxygen, which can negatively impact magnetic properties, especially
in sintered Nd-Fe-B magnets. The higher initial levels of oxygen and carbon in End-of-Life
magnets, compounded by potential increases during reprocessing, require careful consideration
to maintain and optimize magnetic properties in recycled magnets.

The magnetic characterization of the decrepitated powder provides valuable insights
into its properties and potential applications in AM processes. The suboptimal magnetic
properties of the powder, indicated by its low remanence and coercivity values, underscore the
importance of understanding the factors influencing these properties. The presence of hydrogen
in solid solution and the formation of a-Fe during the HD process contribute to the reduced

coercivity of the powder. However, through a degassing heat treatment, it is possible to recover
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a significant portion of the initial magnet's coercivity, particularly for larger particle sizes. This
highlights the importance of particle size and defect concentration in determining coercivity
values.

Microstructural analysis reveals the presence of polyhedral grains originating from the
¢-phase, as well as cracks and irregularities induced by the HD process. These features affect
the powder's technological properties, such as flowability and packing density, which are
critical for AM processes like LPBF. To ensure the suitability of the HD powder for AM
applications, sieving processes are performed to achieve the recommended particle size
distribution. Despite minimal coercivity within the desired size range, the powder can undergo
further processing, such as HDDR, to adjust its coercivity as needed.

The optimization of the HDDR treatment focused primarily on varying the plateau
temperature, as it was identified as the most influential factor in determining coercivity values.
Other process parameters such as disproportionation and recombination plateau times were
found to have minimal impact on magnetic properties. The demagnetization curves of samples
processed at different HDDR temperatures revealed a significant increase in coercivity values
with higher temperature plateaus. Processing at 940 °C resulted in a coercivity value of 850
kA/m, representing a substantial improvement over the initial HD powder. Comparison with
commercially available powders demonstrated that the HDDR powder achieved coercivity
values comparable to industry standards. This suggests the feasibility of using recycled raw
materials to produce bonded magnets using LPBF.

Microstructural analysis revealed that the HDDR process maintained the general
aspect of the powder while refining the grain structure. The irregular morphology of the
particles post-HDDR processing can impact technological properties such as flowability and
packing density, critical for LPBF.

The decrease in hydrogen content after HDDR processing indicates successful
recombination and removal of hydrogen, essential for restoring the Nd,FeisB phase and
achieving desired coercivity values. Although an increase in oxygen content was observed after
HDDR processing, it did not significantly hinder the reprocessing route chosen in this study.

The final section of this study involved using the developed recycled powder in LPBF
to create printed bonded magnets. Regarding the geometrical characterization of the obtained
magnets, the density and porosity values varied significantly depending on the volume fraction
of polyamide-12 (PA-12) binder in the feedstock, with higher concentrations resulting in denser

magnets with lower porosity.
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SEM imaging provided visual confirmation of the microstructural features, revealing
the presence of pores and the distribution of HDDR particles within the polymeric matrix.
Optimization of processing parameters, including laser speed, was identified as crucial for
achieving desired density and minimizing porosity. Furthermore, the morphology of
ferromagnetic particles and their packing density significantly influenced magnet density.
Future research directions should prioritize maximizing the magnetic load in printed bonded
magnets to enhance magnetic properties

Regarding the magnetic properties of printed magnets, the observed decrease in
coercivity values was attributed to the enhanced rotation of HDDR particles during
magnetometry, facilitated by incomplete bonding between the magnetic particles and the PA-
12 matrix. However, post-processing techniques like Cold Isostatic Pressing (CIP) showed
promise in reducing porosity and enhancing magnetic properties. Notably, CIP led to significant
improvements in density, porosity reduction, and enhanced remanence and coercivity values.

The findings also suggest the possibility of microstructural changes in the
ferromagnetic particles affected by the laser during the LPBF process, potentially explaining
the observed decrease in coercivity. Further research is warranted to elucidate the relationship
between processing variables and coercivity, particularly concerning the unique characteristics
of HDDR powder derived from end-of-life magnets.

Furthermore, comparisons with existing literature underscored the competitiveness of
the developed bonded magnets, particularly considering the use of recycled HDDR powder
sourced from End-of-Life magnets. The study demonstrated that the printed magnets, even
without optimization of processing parameters, exhibited comparable coercivity values to those
achieved using commercial spherical Nd-Fe-B powder (MQP-S). Moreover, after CIP, the
magnets showed higher coercivity values than reported in previous works, highlighting the

potential of recycled materials in AM applications.
Suggestions for Further Research

Looking ahead to future prospects in activities related to the preparation of feedstock
from End-of-Life magnets for utilization in LPBF for the production of bonded magnets, several

promising possibilities can be explored:

e Optimizing Powder Bed Fusion Parameters: Future investigations should focus on fine-

tuning powder bed fusion parameters to achieve higher density in the final bonded
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magnet. The optimization of parameters such as laser power, scanning speed, and layer
thickness is crucial for enhancing the overall structural integrity and magnetic
performance of the bonded magnets. Investigating the interplay between these
parameters will contribute to a more nuanced understanding and pave the way for
improved manufacturing processes.

e Production of d-HDDR for Anisotropic Raw Material: Exploring the production of
anisotropic raw material through dynamic-HDDR (d-HDDR) is a promising avenue.
This involves utilizing recycled powder in powder bed fusion additive manufacturing
to fabricate anisotropic bonded magnets. By aligning magnetic particles in a specific
direction during or after the manufacturing process, the goal is to optimize remanence
values, enhancing the magnetic properties of the final product. This approach aligns
with the pursuit of tailoring magnetic properties for specific applications, offering a
more versatile range of magnet functionalities.

e Grain Boundary Engineering for Improved Coercivity: The search for improved
coercivity values can be advanced by exploring grain boundary engineering techniques.
By modifying the composition of grain boundaries and surface properties of the
particles through the addition of rare earth elements or non-rare earth elements to the
recycled powder, future studies can investigate new methods to enhance coercivity
values. Understanding the complex interactions at grain boundaries and implementing
innovative engineering approaches will play a crucial role in achieving higher

coercivity, ultimately resulting in magnets with superior magnetic performance.

Future explorations in the field of recycled Nd-Fe-B bonded magnets are pivotal for
advancing the technology. Emphasizing optimization strategies, the production of anisotropic
materials, and innovative techniques for enhancing coercivity will contribute significantly to
the evolution of sustainable and high-performance magnet manufacturing. These efforts are
aligned with the broader objectives of minimizing environmental impact, reducing reliance on
expensive rare earth metals, and unlocking new possibilities for the application of magnets in

various high-tech industries.
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