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ABSTRACT 

 

THE PRESSURE EFFECT ON PARTICLE SIZE DISTRIBUTION OF 

RECYCLING NDFEB MAGNETS 

 

 

 

Özaltun, Gizem  

Master of Science, Metallurgical and Materials Engineering 

Supervisor: Prof. Dr. Mahmut Vedat Akdeniz 

Co-Supervisor: Assoc. Prof. Dr. Öznur Çakır 

 

 

December 2024, 98 pages 

 

Rare earth permanent magnets (REPMs), specifically NdFeB magnets, play a crucial 

role in industries due to their improved magnetic performance. However, sustainable 

alternatives, such as recycling, are needed, as there are significant geopolitical supply 

concerns regarding the dependence on rare earth elements (REEs), which are also 

included in the list of critical raw materials identified by the European Commission. 

The objective of this thesis is to investigate the impact of hydrogen pressure on scrap 

NdFeB magnets using different characterization techniques to obtain ideal particle 

size distribution for further manufacturing steps. In this study, scrap NdFeB 

permanent magnets from hard disk drives were subjected to the hydrogen 

decrepitation (HD) process at different pressures (2, 4, and 6 bar) followed by a ball-

milling process. Magnetic measurements showed the demagnetization of HD 

powders, a consequence of hydrogen entering the structure. Unexpectedly, M/H tests 

revealed that ball-milled powders had increased coercivity. The X-ray diffraction 

analysis showed the formation of Nd2Fe14B3.31 and Nd2O3 phases, confirming that 

there is no NdH2 phase formation at room temperature. The research additionally 

demonstrated differences in the expected hydrogen concentration associated with 

pressure. The 4 bar HD powders, which showed the highest Nd2Fe14B3.31 phase 
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content and the least amount of oxide phase, were found to have the best conditions 

for further processing. Characterization of the particle size distribution showed that 

when hydrogen pressure got higher, the particle size dramatically reduced. However, 

the excessive particle size reduction after ball-milling showed that it was a 

consequence of the prolonged milling time. 
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ÖZ 

 

ÖMRÜ TAMAMLANMIŞ NDFEB MIKNATISLARIN PARÇACIK 

BOYUTU DAĞILIMINDA BASINÇ ETKİSİ 

 

 

 

Özaltun, Gizem 

Yüksek Lisans, Metalurji ve Malzeme Mühendisliği 

Tez Yöneticisi: Prof. Dr. Mahmut Vedat Akdeniz 

Ortak Tez Yöneticisi: Doç. Dr. Öznur Çakır 

 

 

Aralık 2024, 98 sayfa 

 

Nadir toprak kalıcı mıknatıslar, özellikle de NdFeB mıknatısları,  gelişmiş manyetik 

performansları nedeniyle endüstrilerde çok önemli bir rol oynamaktadır. Ancak, 

Avrupa Komisyonu tarafından belirlenen kritik hammaddeler listesinde de yer alan 

nadir toprak elementlerine bağımlılıkla ilgili önemli jeopolitik tedarik endişeleri 

duyulmasından dolayı geri dönüşüm gibi sürdürülebilir alternatiflere ihtiyaç 

bulunmaktadır. 

Bu tezin amacı, ideal parçacık boyutu dağılımını elde etmek için farklı 

karakterizasyon teknikleri kullanarak hidrojen basıncının hurda NdFeB mıknatıslar 

üzerindeki etkisini araştırmaktır.  Çalışmada, sabit disk sürücülerinin hurda NdFeB 

kalıcı mıknatısları kullanılarak farklı basınçlarda (2, 4 ve 6 bar) hidrojen ile kırma 

(HD) işlemi yapıldıktan sonra bilyalı öğütme işlemi gerçekleştirilmiştir. Manyetik 

ölçümler, yapıya giren hidrojenin bir sonucu olarak HD tozlarının demanyetize 

olduğunu göstermiştir. Beklenmedik bir şekilde, M/H testleri, bilyeyle öğütülmüş 

tozların artan zorlayıcılığa sahip olduğunu ortaya koymuştur. Analizler, Nd2Fe14B3.31 

ve Nd2O3 fazlarının oluşumunu ortaya çıkararak oda sıcaklığında NdH2 fazı oluşumu 

olmadığını doğrulamıştır. Araştırma ayrıca basınçla ilişkili beklenen hidrojen 



 

 

 

viii 

 

konsantrasyonunda farklılıklar göstermiştir. En yüksek Nd2Fe14B3.31 faz içeriğini ve 

en az oksit miktarını gösteren 4 bar HD tozlarının sonraki işlemler için en iyi 

koşullara sahip olduğu bulunmuştur. Parçacık boyutu dağılımının karakterizasyonu, 

hidrojen basıncı yükseldiğinde parçacık boyutunun önemli ölçüde azaldığını 

göstermiştir. Ancak, bilyalı öğütme sonrasında parçacık boyutundaki aşırı düşüş, 

bunun uzun öğütme süresinin bir sonucu olduğunu göstermiştir. 

Anahtar Kelimeler: Geri Dönüşüm, Kalıcı Mıknatıs, Hidrojenle Kırma 
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CHAPTER 1  

1 INTRODUCTION  

Permanent magnets (PMs) are widely used in diverse commercial and residential 

products, automobiles, and aerospace industries. Their unique technological 

importance stems from their ability to make an attractive or repulsing action in 

accordance with the material without coming into contact with a ferromagnetic 

material, as well as to supply a constant magnetic flux without requiring any energy 

input or operational expenses for commercial rare earth permanent magnets 

(REPMs) based on the SmCo intermetallic compound have been developed. The 

discovery of the Sm-Co magnets resulted from searching for novel magnetic 

materials with an energy density greater than that of the Alnico PMs. However, the 

expense of producing the magnets prevented the Sm-Co-based magnets from being 

developed further on a global scale. The cost of the components was high, and the 

cobalt supply was unpredictable and inconsistent [1].  

Two simultaneous discoveries of the Nd2Fe14B resulted from several attempts to 

develop permanent magnets at a lower cost. In 1984, Sumitomo Special Metals Co. 

in Japan announced the discovery using a method similar to producing SmCo5. In 

parallel with this, General Motors released a composition that was similar but made 

using a slightly different process based on rapid solidification technology. Since they 

have comparatively reduced cost than SmCo, the magnets manufactured by both 

techniques are commercially available on a large scale and have replaced Sm/Co 

alloys [2]. 

REPMs have widespread usage in an expanding range of industries and applications. 

Most of the applications for REPMs are the ones that come with weight, size, and 

performance constraints. Because of their exceptional performance, REPMs are 
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crucial for the minimization of a broad spectrum of devices and apparatus. Owing to 

their distinct physical characteristics, REPMs find considerable application in fields 

that include electric motor vehicles, wind turbines, and defense-related applications. 

The availability of rare earth elements (REEs) has become a significant societal 

concern, particularly as these materials are listed on various "critical minerals" and 

"critical metals" lists by global and regional organizations. For industrial customers 

and governments outside of China, the concentration of rare earth mining in China 

poses a geopolitical supply risk [3]. In December 2023, China established export 

prohibitions and limitations on critical minerals and technology. These consisted of 

the prohibitions on certain methods of extracting and separating REEs as well as 

methods for producing REPMs and compounds. Moreover, restrictions were 

broadened to encompass all previously unprohibited methods of rare-earth mining, 

mineral processing, and smelting. China is currently the largest producer of a number 

of critical mineral materials in the world. Therefore, its activities have raised 

concerns about their significance, especially as a number of these materials are 

designated on the United States critical minerals list [4].  

In 2023, the European Commission released a list of raw materials that are essential 

in multiple new technological advances, emphasizing their susceptibility to 

shortages or political unrest. The EU list categorizes critical raw materials (CRMs) 

as having a high supply risk and significant economic relevance for the EU [5]. The 

evaluation attempts to identify risks and possibilities connected with CRMs after 

carefully examining the political and economic situations of the producing nations, 

the degree of supply concentration, the possibility for substitution, and the recycling 

rates [6]. This list also reveals that the global population, industrialization, 

digitization, the growing demand from developing countries as well as shifting 

towards climate neutrality concerning metals, minerals, and biological materials in 

low-emission technologies and products will be more of a pressure. Identified by the 

European Commission as the most supply risk material is the REEs [5]. 

Some European countries that do not have sufficient reserves of these materials are 

now turning their attention towards improving the recovery and recycling of REE 
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from alternative (secondary) sources. The recycling of the CRMs can provide supply 

security for a country to meet its needs in the future.  

Recycling CRMs, including REEs, addresses significant environmental concerns, in 

which the use of rare earths from primary sources requires significant amounts of 

water, as well as significant amounts of energy and the use of acidic substances 

during the extraction process. Using End-of-Life (EoL) products as a source has 

lower emission and pollutant values than primary sources. By recycling REEs, these 

environmental impacts can be mitigated, promoting a more sustainable approach to 

resource management. 

In this thesis study, the objective is to investigate how different pressures during the 

hydrogen decrepitation (HD) process impact the particle size of the scrap NdFeB 

magnet, which is a critical parameter in NdFeB magnet production. In this thesis, the 

topics covered in the study are given into five main chapters: 

Chapter 2 involves the literature review, which provides fundamental information 

about magnetism and magnetic properties, together with an overview of permanent 

magnets covering their history and types. This chapter is also devoted to NdFeB 

magnets, presenting details regarding their crystal structure, phases in the alloy, 

production, and the effect of particle size during production. Moreover, the recycling 

of NdFeB magnets is considered, and its emphasis includes the hydrogen 

decrepitation process.  

Chapter 3 covers the experimental procedure used for the HD process of scrap 

NdFeB magnets, their ball milling stage, and testing.  

The experimental results regarding microstructural, structural and magnetic tests, 

with the respective discussions of each result, are presented in Chapter 4.  

Finally, Chapter 5 presents significant conclusions reached at the end of the study. 

The thesis concludes with future studies that are believed to be helpful for other 

works and dissertations that will be undertaken on related subject.
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CHAPTER 2  

2 LITERATURE REVIEW 

2.1 Origin of Magnetism  

The theory of electromagnetism which explains how electric currents can generate 

magnetic fields, was established in the 19th century by Faraday and Maxwell. 

Understanding the origins of magnetism through electron motion and interactions 

has advanced as a result of this fundamental work. The two main sources of 

magnetism at the atomic level are orbital magnetic moments (μorb), due to electron 

movement around the nucleus, and spin magnetic moments (μs), from the movement 

of electrons on their axes, and additionally, spin-orbit interactions providing a further 

contribution. A material's total magnetic moment is determined by these components 

considered together, which affects its magnetic behavior and characteristics [7], [8].  

The reaction of a material to an applied magnetic field, H, is referred to as its 

magnetic induction, B, and magnetization, M, are influencing variables for B, and M 

is the measure of magnetic moment per unit volume; 

M = 
𝑚

𝑉
  

𝑒𝑚𝑢

𝑐𝑚3
  (Equation 1) 

The relationship between B, H, and M can be stated as follows: 

B = μ0(H + M) (in SI unit), or B = H + 4πM (in cgs unit), (Equation 2) 

where the permeability of free space is denoted by μ0, which is the resistance 

experienced when creating a magnetic field in a classical vacuum. Permeability, μ is 

defined as the B/H ratio: 
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μ =  
𝐵

𝐻
  (Equation 3) 

The ratio of M to H is called susceptibility, χ: 

χ = 
𝑀

𝐻
  (Equation 4) 

While μ displays how permeable a material is to a magnetic field, χ, a 

dimensionless property, shows how receptive a material is to an external magnetic 

field. 

A high permeability material is one that has a high internal flux density 

concentration, Փ, which is the determination of the density of magnetic field lines. 

The flux density, Փ, inside the medium is equivalent to the B, Accordingly, B = Փ/A 

within a material is like H = Փ/A in free space. The flux density inside a material 

generally differs from outside. Based on this difference, materials can be categorized 

as diamagnetic if Փ inside is less than the outside, paramagnetic, or 

antiferromagnetic if slightly greater, and ferromagnetic or ferrimagnetic if much 

greater [9].  

2.2 Magnetic Domains 

In ferromagnetic materials, magnetic domains are regions where atomic magnetic 

moments are uniformly aligned, enabling the material to exhibit magnetization. The 

theory, first put out by Weiss in 1906 and expanded upon by researchers involving 

Ewing, Landau, and Lifschitz, describes how spontaneous magnetization can occur 

in the absence of an external magnetic field without changing the overall net 

magnetization [10]. 

Individual domains of ferromagnetic materials such as iron, cobalt, or nickel show 

spontaneous magnetization (Ms) in a macroscopic volume.  However, the vector sum 

of these magnetizations results in zero net magnetization because of their random 

orientations. This cancellation occurs due to magnetic flux lines producing self-
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demagnetizing fields, called the demagnetization field (Hd), which lead the dipoles 

to become misaligned and contribute to the overall energy of the material, 

specifically termed magnetostatic energy [11]. 

The formation of magnetic domains emerges as a strategy to minimize the 

magnetostatic energy of the system. The material can achieve a lower overall energy 

state by decreasing the self-demagnetizing fields [11]. For instance, because of the 

surface charges at its ends, a single, uniformly magnetized domain would have a 

large magnetostatic energy and generate strong self-demagnetizing fields as shown 

in Figure 2.1 (a). On the other hand, separating the material into several domains 

enables a configuration that reduces the overall energy and minimizes these effects. 

This reduction in the magnetostatic energy with increasing domain number can be 

seen in Figure 2.1 (b, c). These domains begin to align when an external magnetic 

field is introduced, increasing the overall magnetization until saturation is reached. 

To eliminate magnetostatic energy, a domain pattern that provides no magnetic poles 

at the block's surface is required. A method for doing this is illustrated in Figure 

2.1(d). 

 

Figure 2.1 Representation of the division of magnetization into domains a) single 

domain, b) two domains, c) four domains, and d) closure domain [12] 

Each domain wall, also known as a Bloch wall, represents the transition region 

between adjacent domains with differing magnetization directions. Between two 

domains, the magnetization in the wall progressively shifts from one favored 
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direction to the other, usually 180⁰ or 90⁰ [13]. One example of such a wall is the 

twist boundary, shown in Figure 2.2 for a 180⁰ boundary [9]. The thickness of this 

wall results in an optimization between exchange energy, which favors parallel 

alignment of moments and wider walls to minimize the angle of change, and 

magnetocrystalline anisotropy energy, which encourages narrower walls with 

sharper transitions for better alignment with easy axes. The domain wall types that 

have no magnetic poles inside the material and avoid generating demagnetizing 

forces are the most energetically favourable.   

 

Figure 2.2 180° twist boundary's shift in the magnetic dipoles' orientation [9]. 

2.3 Fundamental Concepts of Magnetic Properties 

The magnetic properties of materials are one of the most important parameters that 

explain their behavior when exposed to an external magnetic field. The complexity 

of these properties speaks to the need to address fundamental questions: where do 

the sources of magnetic moments originate, what process occurs when a magnetic 

field interacts with matter, and how can materials be classified based on their 

behavior in a magnetic field. This section investigates the magnetic properties which 

are categorized as either intrinsic or extrinsic [14], [15], [16]. In this way, the stage 

is prepared for the verification and further use of magnetic materials in various fields. 
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2.3.1 Intrinsic Magnetic Properties  

The intrinsic magnetic properties, such as saturation magnetization (Ms), the Curie 

temperature (Tc), magnetic anisotropy, and magnetocrystalline anisotropy typically 

reflect the atomic origin of magnetism. These are properties of the chemical 

composition and crystal structure that are independent of the microstructure, 

including the distribution and existence of impurities and pores, as well as 

characteristics like crystallite or grain size. The iron-series (or 3d) transition-metal 

sublattice is crucial in defining the Ms and Tc for almost all PMs. Although some 

heavy atoms (4d, 5d, 4f, and 5f) also possess a magnetic moment, m, due to their 

larger atomic volume, V, their magnetism is reduced (Ms=m/V) [7], [17]. 

2.3.1.1 Saturation Magnetization 

The net magnetic moment of a material per unit volume is known as saturation 

magnetization (Ms). If the magnetization value remains unchanged even when the 

external field increases, saturation has occurred and all domains align with the 

applied field's direction. Domain alignment is improved by increasing the intensity 

of the externally applied field [7].  

The ferromagnetic state disappears above Tc, and the value of Ms reduces with 

higher temperatures because of higher thermal disorder. When the temperature drops 

below Tc, the ferromagnetic state returns, demonstrating the complete reversibility 

of this behavior [12].  

The unpaired 4f electrons in REEs give them high magnetic moments, which provide 

high magnetization levels when combined with the high magnetic moments of the 

transition metal components. 
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2.3.1.2 Curie Temperature 

The Curie temperature (Tc) is the temperature at which the nature of a material 

undergoes a drastic change in its magnetic properties. Below Tc, magnetic moments 

are ordered, conferring ferromagnetic properties. Magnetic moments start to realign 

when the temperature rises to Tc, and magnetic moments become disordered and the 

spontaneous magnetization disappears transforming the behavior to resemble that of 

paramagnetic material. Thermal agitation reduces net magnetization by causing the 

magnetic moments to line up weaker as the temperature rises over the Curie 

threshold. Therefore, any moments that would align are likely to have their 

orientations randomized by the higher thermal motion of the atoms [7]. 

2.3.1.3 Magnetic Anisotropy 

The dependency of magnetic energy on the directions of magnetization with respect 

to the crystal axes is known as magnetic anisotropy [16]. High magnetic anisotropy 

is necessary for PMs to sustain magnetization in the ideal direction, hence it is an 

essential factor [7]. Many PM alloys possess an easy magnetization axis (c-axis) 

perpendicular to the basal plane (a–b plane) and uniaxial crystal structures including 

hexagonal, tetragonal, and rhombohedral crystals. The RE sublattice contributes 

significantly to the magnetic anisotropy of RE transition-metal alloys [17].  

The simplest expression of magnetic anisotropy for a magnet of volume V is: 

Ea = K1 Vsin2θ (Equation 5) 

This is referred to as lowest-order uniaxial anisotropy, and the initial uniaxial 

anisotropy constant is K1, which is commonly utilized to characterize uniaxial 

magnets. The easy magnetic direction in the case of K1>0 is along the c (or z) axis, 

which is known as easy axis anisotropy; in the case of K1<0, on the other hand, the 

easy magnetic direction that can be any location on the a-b (or x-y) plane, which is 

known as easy-plane anisotropy [16].  
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The orientation of the magnetic moments and the shape of the hysteresis cycle 

depend on the magnetic anisotropy, which defines their suitable use in practice. 

In ferromagnetic materials, the orientation of the magnetic moments and the shape 

of the hysteresis cycle depend on the magnetic anisotropy, which determines their 

applicability for particular applications. In this context, high anisotropy is required 

for hard magnets while low anisotropy is characteristic for soft magnets [7].  

2.3.1.4 Magnetocrystalline Anisotropy 

Magnetocrystalline anisotropy reflects how spin-orbit coupling and crystal-field 

interactions enable magnetic characteristics to depend on crystallographic 

orientations. The magnetization process differs along distinct crystal axes, producing 

easy and hard magnetization axes; however, in ferromagnetic materials, 

magnetocrystalline anisotropy leads to magnetic moments being preferentially 

oriented with the easy axis, where it is easier to achieve saturation magnetization 

when an external field is applied [15]. In contrast to easy axes, hard axes need 

significantly higher fields to achieve saturation, even though the same saturation 

magnetization can be obtained regardless of the axis. The region 

between magnetization curves, given in Figure 2.3, indicates the magnetocrystalline 

anisotropy energy, which is the energy difference per unit volume between 

magnetization along easy and hard directions.  
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Figure 2.3 Graphical magnetization curves for a ferromagnet where the field is 

pointed in both the easy and hard directions [9]. 

The magnetocrystalline anisotropy is significant in the case of RE materials because 

of the large spin-orbit coupling coming from their heavy atomic structure. In RE 

materials, overcoming spin-orbit coupling requires a significant amount of energy. 

This results in a large magnetocrystalline anisotropy, which means that high fields 

are needed to reverse the magnetization, thus being useful in applications that need 

high coercive fields [9].  

2.3.2 Extrinsic Properties 

Extrinsic magnetic properties, including hysteresis loops, coercivity, remanence, and 

maximum energy product, are highly microstructure-sensitive. Impurities, 

processing methods, and microstructural features strongly affect the extrinsic 

properties. 

2.3.2.1 Hysteresis Loops 

For a better understanding of the extrinsic properties of magnetic materials hysteresis 

loops are plotted as the graphs of magnetic induction (B) or magnetization (M) in 

terms of an external magnetic field (H). M-H hysteresis loops (Figure 2.4 (b)) are 

obtained by plotting the volume-averaged M as a function of H, while B-H loops 
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(Figure 2.4 (a)) illustrate the flux density B = μ0 H + μ0 M as a function of H. A 

hysteresis loop demonstrates how a magnetized material begins as an unmagnetized 

state and progresses along a curve from 0 to saturation (Bs) as the field is increased 

in a positive direction. B increases since B = H + 4πM, even if the magnetization 

remains constant following saturation. The saturation induction is defined as the 

value of B at Bs, and the normal induction curve is the path taken by B from the 

demagnetized condition to Bs. The induction drops from Bs to the residual induction 

(Br) when H is decreased to zero following saturation.  

Important characteristics of M-H loops include remanent magnetization (Mr), which 

is the remaining magnetization after the external field is removed, and coercivity 

(Hc), which is the field required to reduce magnetization to zero. The maximum 

energy product ((BH)max), which represents the highest magnetostatic energy stored 

outside the magnet, can be determined with the use of B-H loops. To enhance 

accuracy, these loops typically are adjusted for the demagnetizing field (DM), which 

makes the hysteresis loops more  

 

Figure 2.4 Schematic representation of a) B-H and b) M-H hysteresis loops 
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2.3.2.2 Coercivity 

The strength of the external reverse field that is required in the process of 

demagnetization of the materials until negligible magnetic induction of the 

ferromagnetic material is referred to as coercivity (Hc). This property defines 

whether the material is a soft or hard ferromagnetic material. It is therefore clear that 

while hard magnets and soft magnets differ in many ways, the difference is most 

apparent in the shape and other characteristics of the loop (see. Figure 2.5) Hard 

magnetic materials, often known as permanent magnets, are suitable for applications 

requiring steady, long-lasting magnetic fields because of their high coercivity—

which exceeds 10 kA/m (125 Oe) and significant residual magnetism. Conversely, 

soft magnetic materials are good for applications where magnetic induction varies 

often due to their low coercivity (less than 1 kA/m (12.5 Oe)) and ease of 

magnetization and demagnetization with weak fields. In soft magnets, intrinsic 

coercivity, the field strength at which magnetization is completely neutralized, is 

frequently in line with Hc; however, in hard magnets, it is much higher, indicating 

higher resistance to demagnetization [9], [14], [18]. 

 

Figure 2.5 Diagrammatic representation of the distinction between soft and hard 

magnets in a hysteresis loop. 
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Reducing the grain size under the single domain particle size is a particularly 

efficient method of increasing coercivity. In this case, interaction domains arise as a 

result of exchange coupling between neighbouring grains. The domain walls often 

demonstrate their pinning effect by following the grain boundaries. Thus, coercivity 

usually rises as grain size decreases with the decoupling of neighbouring grains [19]. 

2.3.2.3 Remanence 

Remanence is the value of the residual induction (Br) or magnetization (Mr) after the 

field is removed for a magnetic material that has been magnetized to saturation. It is 

the highest amount of Mr or Br that may be obtained without the use of an external 

field after saturation [18].  

A PM has to retain a high level of magnetization when removed from the applied 

field in order to work as a magnetic field source. High remanence, and consequently 

high saturation magnetization are therefore essential [14].  

2.3.2.4 Maximum Energy Product 

The maximum energy product (BH)max of a permanent magnet, representing the 

highest product of flux density (B) and magnetic field strength (H), measures the 

maximum useful work a magnet can perform. Stated differently, the energy needed 

to magnetize and demagnetize the magnet is expressed by (BH)max. It is frequently 

used to evaluate the performance characteristics of magnets. It offers essential details 

about the magnet's performance capabilities and is mostly used to assess if magnet 

materials are suitable for a specific application [12], [14], [20]. 

The (BH)max, the largest rectangle that can be visually fitted into the second 

quadrant of the hysteresis loop, is the result of multiplying remanence by coercivity 

(see. Figure 2.6) [21].  
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Figure 2.6 Representation of (BH)max in a hysteresis loop. 

2.4 Permanent Magnets  

Permanent magnets (PMs) are widely used in various fields of transportation, 

industries, household devices, military applications, and medical technology since 

they can generate a magnetic force without depending on an electrical supply, PMs, 

as opposed to electromagnets, generate magnetic flux that requires no ongoing 

electricity to operate after they are magnetized. They are used in applications that do 

not require frequent recharging; hence, they have zero operating costs once they have 

been magnetized. This characteristic places magnets as energy storage products; the 

energy that is employed in the magnetization of magnets is maintained in reserve 

and through this, magnets have the ability to apply force in the attraction or the 

repulsion of other magnetic products. Because PMs can interact with charged 

particles and conductive materials without making physical contact, the application 

of permanent magnets is essential to the operation of many devices such as motors, 

wind turbines, and many electric devices [22], [23], [24], [25]. Figure 2.7 shows 

different types of devices containing permanent magnets. 
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Figure 2.7 Different devices contain permanent magnets [14]. 

The history of PMs can be traced back to the lodestones when Chinese and Greek 

mariners first used iron-oxide magnets (ferrite magnets) in compasses. Nevertheless, 

the insufficient magnetic characteristics of these materials limited their early 

applications. A major turning point in this field was the discovery of Alnico magnets, 

which appeared in the 1930s and led to advances in PM studies that lasted until the 

1980s. 

During this period, there was a notable breakthrough in magnetic energy storage, 

which is about a 100-fold increase in energy density and a significant improvement 

in the coercivity of the PMs. A revolution in PM technology began in the 20th 

century with a series of important discoveries, most notably the invention of novel 

materials with enough anisotropy to maintain their magnetic properties independent 

of their shape. The discovery of Sm-Co magnets [26] in the 1960s and Nd-Fe-B 

magnets in the 1980s directed significant advancement in the research area of 

magnetism and reinforced the progression of PM technology. These REE-based PMs 

now produce the magnetic field required for a myriad of practical applications [27], 

[28], [29].  
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To describe the chronology of PMs shown in Figure 2.8 the maximum energy 

product, (BH)max, is used, which is the most commonly used value to rank and 

compare different magnet families and grades. This value is related to the energy 

capacity of PMs, as well as the amount of work they can accomplish. Figure 2.8 

indicates that the maximum energy product rose by around fifty times between 1917 

and 2000. Intrinsic coercivity levels have risen from around 250 Oe (Oersted) to as 

high as 25,000 Oe throughout the same period, an approximately 100-fold increase 

[29]. Table 2.1 presents an overview of the intrinsic properties of some PMs.

 

Figure 2.8 Development of the energy product BHmax for commercial permanent 

magnets during the last few decades at room temperature [30]. 

Table 2.1 Magnetic properties of some permanent magnets [1]. 

Material Tc (K) Ms (MA m-1) K1 (MJ m-3) 
(BH)max 

(kJm-3) 

Alnico 5 1210 1.12 0.68 310 

SmCo5 1020 0.86 17.2 231 

Sm2Co17 838 0.97 4.2 294 

Nd2Fe14B 588 1.28 4.9 512 
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Magnetically isotropic and magnetically anisotropic PMs are the two different kinds 

that fall under each of these families [31]. Depending on the manufacturing method 

of PMs, the final product can be isotropic or anisotropic magnets.  

Isotropic magnetic materials have the crystallographic axes randomly oriented in 

each grain, and hence, the magnetic properties are independent of the direction. One 

example is the NdFeB magnetic powder prepared by melt spinning, which has the 

characteristic of a nanocrystalline microstructure and has random orientation of the 

magnetic moments because of rapid quenching of the melt. Besides, isotropic 

properties are observed in compression and injection molding of magnets in which 

particles are not aligned. An illustration of an isotropic magnet is presented in Figure 

2.9 (a). However, it must be noted that sometimes, usual diagrams regarding 

isotropic magnets may give an impression that they are planar, while, in reality, 

crystallographic axes are randomly situated in three-dimensional space. 

Among the most commercially available PM materials include anisotropic magnets: 

SmCo5; Sm2(Co, Fe, Cu, Zr)17; sintered NdFeB, and sintered ferrites. Their 

microstructure comprises a preferred orientation where all grain’s crystallographic 

axes are nearly parallel to the easy axis through a magnetic field that also increases 

the directional magnetic characteristics. Furthermore, it is also suitable for 

anisotropic bonded magnets, which include SmFeN anisotropic powder, crushed hot-

deformed NdFeB powder, and anisotropic hydrogenation-disproportionation-

desorption-recombination (HDDR) powders to enhance performance by maintaining 

this alignment. An illustration of an isotropic magnet is presented in Figure 2.9 (b) 

[31]. 
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Figure 2.9 Illustration of a) an isotropic magnetic material with randomly aligned 

crystallographic axes of different grains, b) anisotropic magnetic material with 

parallel aligned crystallographic axes of different grains.  

2.4.1 Overview of NdFeB Magnets 

REE-based PMs, which were first discovered in the mid-1960s [26], controlled the 

market throughout the 1970s. Due to the relatively high cost of both Sm and Co, the 

search began for a less expensive and high-performance iron-based REE magnet 

[29]. After numerous studies, a sufficient new magnetic material was finally 

discovered with the development of neodymium-iron-boron magnets (Nd2Fe14B). In 

early 1982, the Nd2Fe14B magnet was found almost simultaneously by two different 

research groups: General Motors Research Laboratories (GMRL) [32] and the 

Sumitomo Special Metals Corporation [33]. Sumitomo's discovery was based on the 

search for ternary R-Fe-X intermetallic compounds and adapted the powder 

metallurgical method that was used in the production of Sm-Co PMs; the General 

Motors discovery was the result of efforts to create metastable intermetallic 

compounds from rapidly solidifying rare earth-iron materials [29]. This novel 

material Nd2Fe14B has a tetragonal structure of space group P42/nmn [34], [35], [36] 

and had an energy product that peaked in 1984. Each unit cell of the Nd2Fe14B phase 

is made up of 4 formula units, or 68 atoms. In the crystal structure, there are two 

REE locations, f and g, six non-equivalent iron sites, j1, j2, k1, k2, c, and e, and 1 

boron site, g. The tetragonal unit cell of Nd2Fe14B is shown in Figure 2.10. 
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Figure 2.10 The tetragonal unit cell of Nd2Fe14B [37]. 

NdFeB magnets have been preferred in many advanced technological products since 

the day they were first produced. The production of sintered NdFeB magnets has 

rapidly been used in electronics, automotive applications, medical instruments, wind 

turbines, computer components, communications, and many more due to high 

magnetic performance and cost-efficiency as compared to other magnet types.  

Total production of electric motors and related applications using NdFeB magnets 

increased up to nearly 1000 metric tonnes especially improved by interior permanent 

magnet (IPM) motors that improve the energy ratio of air conditioner compressors 

and motors of hybrid cars. Growing environmental concerns, which have led to 

increased demand for electric and hybrid vehicles, e.g., the Toyota Prius that 

consumes more than 2 kg of NdFeB, are predicted to drive increased demand for 

high-performance PMs, thus accelerating their growth in this sector [38], [39].  
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2.4.1.1 The NdFeB Ternay Sytem 

Studies on the NdFeB interaction have resulted in the obtainment of ternary phase 

diagrams [33], [40], [41].  

The NdFeB ternary system mainly consisted of 3 regions: a matrix phase of 

Nd2Fe14B (T1), a secondary phase of Nd1+ℇFe4B4 (or R1+ℇFe4B4 or B-rich) (T2), 

which ε changes with REEs, and a ternary eutectic at the grain boundaries that 

included some Nd-rich phase (T3). Other frequently used designations for T1, T2, 

and T3 are ϕ, η, and ρ, respectively [42].  

The liquidus curves for ternary phases are displayed in Figure 2.11 and the reactions 

at monovariant and invariant points are listed in Table 2.2.  According to the NdFeB 

ternary phase diagram, the Nd2Fe14B phase crystallizes at the region with the highest 

iron content: the first to crystallize in this region is the Fe phase, as also seen in the 

vertical section in Figure 2.12. In a peritectic reaction involving liquid and iron (L + 

Fe → Nd2Fe14B) (marked as p5 in Figure 2.11), the primary phase generated is the 

Nd2Fe14B phase. If the cast structure includes αFe + Nd2Fe14B + Nd-rich eutectic 

phase, this is due to the incomplete peritectic reaction. The formation of the 

magnetically soft α-Fe phase, which was transformed from γ-Fe, greatly affects the 

magnetic properties negatively; therefore, there is a need for excess B and Nd to 

prevent it. 

Two techniques have been applied to suppress the peritectic reaction: undercooling 

the melt considerably below the peritectic temperature and rapidly cooling the melt 

more rapidly than the properitectic phase nucleation. From further heat treatment at 

a temperature lower than that of the peritectic temperature, Nd2Fe14B and 

Nd1+εFe4B4, as well as the liquid phase having a composition that is relatively high 

in B and Nd, would be at equilibrium with each other. 

Nd2Fe14B, Nd1+εFe4B4, and a liquid phase with a composition comparatively high in 

B and Nd would be in equilibrium with each other following further heat treatment 

at a temperature lower than the peritectic temperature. Subsequent cooling after the 
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heat treatment leads to increased saturation with Nd2Fe14B and Nd1+εFe4B4 and 

shifting the position of the liquid phase composition through the monovariant curve 

e5E2, with the liquid phase being consumed at the ternary eutectic at the Nd-rich 

corner of the phase diagram (designated as E2 in Figure 2.12). Below the ternary 

eutectic temperature, the liquid phase solidifies to provide three phases of Nd2Fe14B, 

Nd1+εFe4B4, and Nd [40], [43].  

 

Figure 2.11 The liquid phase projection of the NdFeB ternary system, where U = 

transition, p = peritectic, e = eutectic, and E = ternary eutectic [44] 
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Table 2.2 Invariant and monovariant reactions for the NdFeB ternary system [41]. 

Symbol 

Type of 

Invariant 

Reaction 

Reaction 

Composition 

(at%) 

Nd    Fe    B 

Temperature 

(K) 

p4 peritectic L+FeB↔Fe2B -       68     32 1680 

p5 peritectic L+γ-Fe↔T1 14    79      7 1428 

p6 peritectic L+γ-Fe↔Nd2Fe17 39    61      - 1458 

r1 remelting δ↔γ-Fe+L 17    83      - 1665 

r2 remelting δ↔γ-Fe+L -       93      7 1654 

e5 eutectic L↔T1+T2 12     71     17 1368 

e6 eutectic L↔γ-Fe+Fe2B -        83     17 1450 

e7 eutectic L↔Nd+Nd2B5 97      -       3 1275 

e8 eutectic L↔Nd+Nd2Fe17 75     25      - 913 

U4 transition L+FeB↔NdB4+Fe2B 3       58     39  

U5 transition L+NdB4↔Fe2B+T2 6        57     37  

U10 transition L+Fe2B↔T2+γ-Fe 7        74     19 1403 

U11 transition L+γ-Fe↔Nd2Fe17+T1 32     66     2  

U12 transition L+Nd2B5↔T3+Nd 94     3       3 1393 

U13 transition L+T3↔Nd+T2 68     24     8  

U14 transition L+ Nd2Fe17↔T1+Nd 73     25     2 958 

E1 ternary 

eutectic 
L↔γ-Fe+T1+T2 8       74     18 1363 

E2 ternary 

eutectic 
L↔Nd+T1+T2 67     26     7 938 
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Figure 2.12 Binary phase diagram of the NdFeB alloy [44] 

2.5 Production of NdFeB Magnets 

NdFeB-based magnets can be manufactured using a variety of production methods 

depending on their intended application. Sintering and polymer bonding are two 

common techniques used for manufacturing bulk NdFeB magnets. Anisotropic 

sintered magnets with high performance are made using powder metallurgy. Sintered 

NdFeB magnets have outstanding magnetic characteristics when compared to 

bonded NdFeB magnets. As seen in Figure 2.13, sintered NdFeB magnets possess 

the highest (BH)max, which makes sintered NdFeB magnets the most affordable 

PMs to date. However, although they have outstanding magnetic properties, they 

have some drawbacks including limited corrosion resistance, insufficient coercivity, 

and average high-temperature characteristics. Although these shortcomings are 

partially due to the intrinsic properties of materials, their microstructural 

characteristics also have a significant influence on magnetic properties [38], [45].  
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Figure 2.13 Representation of magnetic properties of the permanent magnets [38]. 

The manufacturing procedure of sintered NdFeB magnets involves the following 

steps: alloy preparation, composition modification, milling, pressing, aligning 

particles, sintering, and heat treatment, followed by machining and magnetizing [33]. 

During alloying preparation, alloying elements are often used to improve the 

microstructure and magnetic properties of the NdFeB alloy. Heavy rare earth 

elements (HREEs) such as Dy and Tb are presently partially substituted for Nd to 

enhance coercivity and stability at higher temperatures and are useful in enhancing 

the 2:14:1 phase anisotropy field [34], [46], [47], [48]. This strategy’s drawbacks 

include a decrease in energy density [34], [47]. Many additive elements, including 

Cu, Co, Al, Pr, Nb, Ho, Gd, and more, are utilized in addition to Dy and Tb for the 

following purposes [38]:  

- development of corrosion resistance,  

- raising the Curie temperature (for Nd2Fe14B, it is merely 583 K),  

- enhancing grain boundary wetting to promote sintering as well as avoid 

reverse domain nucleation.  
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Determining the precise quantity of Nd during alloy preparation is essential. It is 

generally accepted that the magnetocrystalline anisotropy of the main Nd2Fe14B 

phases is the primary source of coercivity in Nd-Fe-B magnets. However 

microstructural elements, such as the distribution and composition of Nd-rich phases 

at the grain boundary, also have a significant impact on it. In addition to their 

important function in densification, the Nd-rich phases facilitate grain sliding and 

offer channels for atom diffusion, resulting in a c-axis texture [49]. 

Vacuum induction melting is frequently used in alloy preparation. In alumina 

crucibles, Fe and B are first melted in a pure argon environment before being 

degassed under a vacuum. The melt, which is kept at a temperature slightly higher 

than the Fe-B liquidus temperature, follows by adding Nd. An essential factor in the 

manufacturing of sintered magnets is the microstructure of the starting alloy. The 

formation of Nd2Fe14B through a peritectic reaction presents challenges, as normal 

cooling rates frequently result in a mixture of Nd2Fe14B, NdFe4B4, and ductile α-Fe. 

The presence of ductile α-Fe complicates powder production and reduces the 

magnetic performance of sintered magnets. Extended high-temperature annealing is 

required to remove these secondary phases, which is expensive and time-consuming. 

The melt is cooled rapidly to prevent oxidation and α-Fe formation during casting  

[22], [40]. Although the rapid cooling method helped to prevent the formation of α-

Fe, it was not a complete solution. The challenge of producing high-quality NdFeB 

alloys was overcome through the development of strip-casting [22]. A schematic 

illustration of typical manufacturing steps of NdFeB alloy is shown in Figure 2.14. 
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Figure 2.14 A schematic illustration of typical manufacturing steps of NdFeB alloy 

[22]. 

A significant advancement in NdFeB magnet production was the replacement of 

mechanical crushing with the hydrogen decrepitation (HD) process [50]. Internal 

stress resulting within the NdFeB material from hydrogen embrittlement, which is 

brought on by hydrogen penetrating grain boundaries, leads to microcrack 

propagation and the formation of friable flakes. As shown in Figure 2.15, compared 

to mechanically crushed materials, the average particle size of HD powder is far less 

reliant on the powder input rate, allowing for much higher processing efficiency in 

the following milling stages. This method is now the industry standard, reducing 

production costs by approximately 25% [12], [22]. (The HD process is described in 

more detail in the following sections.)  
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Figure 2.15 Mean size of particles compared to the powder input rate to the jet mill 

[12]. 

Another way to produce NdFeB magnet powders is the hydrogenation-

decomposition-desorption-recombination (HDDR) process. The HDDR method 

involves four transformations of hydrogen-absorbing intermetallic compounds in a 

hydrogen environment. Nd2Fe14B first forms Nd2Fe14BHx by absorbing hydrogen at 

300 °C. Then, at higher temperatures, this compound decomposes into NdHy 

hydride, Fe2B, and Fe. Under vacuum, NdHy desorbs hydrogen and recombines with 

Fe2B and Fe to regenerate Nd2Fe14B. This process typically carried out under 

vacuum, produces fine crystalline microstructures and metastable phases, assists in 

the commercial production of NdFeB anisotropic magnet powders [51].  

After the HD process, for further milling process, jet mills under an inert atmosphere, 

planetary ball milling systems, and high-energy milling systems can be used. The 

ultrafine particles are successfully removed by further jet milling, which reduces the 

particle size distribution to around 5 μm and produces a powder primarily composed 

of single-crystal particles [22]. In studies using ball milling systems [52] or high-

energy ball milling systems [53], [54], [55], [56], [57], inert gases as well as liquid 

media are frequently used as milling media. The parameters of ball milling affect the 

size distribution, shape, and properties of the resulting powder. In wet milling, an 

organic liquid is used alone or in combination with solvents, e.g. toluene, heptane, 

etc., and surfactants, e.g. oleic acid (OA), oleylamine (OY), etc. OA and OY are 
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more efficient than other surfactants in preventing the agglomeration of particles or 

flakes. They also prevent the milled powders from turning into an amorphous 

structure [54]. 

After milling, the aligned powder is pressed and sintered under vacuum or in inert 

gas atmospheres, removing residual hydrogen and producing a dense, fine-grained 

microstructure. The sintering process is generally applied in the temperature range 

of 1080 °C - 1120 °C [58], [59], [60]. The density of Nd2Fe14B is 7.69 g·cm⁻³ and 

typically needs to exceed 98% of the theoretical density. To achieve optimal 

coercivity and hysteresis loop properties, an isothermal heat treatment is also 

required [13], [22].  

The volume of the pressed product decreases to the final magnet body during the 

sintering process. The ultimate size and form of the magnet as well as production 

conditions influence its shrinking. A machining procedure is consequently required 

since this leads to some variation in the size of the magnet. 

Most applications necessitate a protective coating because Nd₂Fe₁₄B magnets are 

prone to corrosion. This vulnerability is mainly caused by the microstructure, which 

is composed of 2:14:1 grain bound by a thin, highly reactive Nd-rich grain boundary 

phase. One major aspect affecting the final magnetic characteristics is the 

concentration of oxygen. Humid environments lead to grain boundary degradation, 

weakening intergranular bonding, and releasing corrosion products. Neodymium 

oxide (mainly Nd2O3) formation at the grain boundary in the presence of oxygen can 

reduce the coercivity [21]. According to the studies conducted by Kim et al. [61] and 

Minowa et al. [62] an average oxygen content of 0.7 wt% falls into the range 

identified. Even though corrosion resistance has improved due to developments in 

alloy chemistry, processing, and microstructure, a protective coating is still essential. 

Optimal coatings are thin, uniform, and applied using hydrogen-free methods across 

a variety of shapes and sizes; common coatings include electroless nickel, Ni-Cu-Ni, 

epoxy, aluminum, zinc, etc. [22], [63]. Finally, the coated magnets undergo 

magnetization in a high magnetic field. 
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2.5.1 Effect of Particle Size Distribution on Microstructure and Magnetic 

Properties 

The microstructure and magnetic properties of sintered NdFeB magnets are 

significantly influenced by particle size distribution, which affects (BH)max, 

remanence, and coercivity. A configuration where the paramagnetic Nd-rich phase 

surrounds the Nd2Fe14B grains and the average grain size of the main phase 

Nd2Fe14B is small is required to produce magnets with high Hc and Br values. The 

high density of the material is dependent on the liquid Nd-rich phase that occurs 

during sintering. The Nd2Fe14B grains are decoupled by the Nd-rich phase in high-

quality magnets based on the exchange interaction. Therefore, nucleation of reverse 

domains must occur in each grain during a demagnetization process [64].  

Coercivity in NdFeB magnets is governed by the nucleation of reverse magnetic 

domains at the grain boundaries of Nd2Fe14B. The coercivity of sintered magnets 

often exhibits an opposite grain-size dependency because smaller grain sizes 

decrease the possibility of reverse domain nucleation at the grain boundaries and 

local demagnetizing stray fields. In other words, as particle size reduces, the 

coercivity of sintered magnets usually improves. Nevertheless, small particles can 

result in abnormal grain growth during liquid phase sintering, which is caused by 

thermally activated processes that create large grains to minimize surface energy. 

This growth negatively affects coercivity by disrupting the grain boundary isolation 

needed to decouple Nd2Fe14B grains, thus diminishing magnetic performance [65]. 

There have been some published articles about the relationship between coercivity 

and particle size. Using powder metallurgy, Scott et al. [66] created sintered NdFeB 

magnets utilizing powders with typical particle sizes ranging from 2.5 to 4.2 µm. 

The study examined how the average grain size and properties of sintered magnets 

are affected by particle size and oxygen concentration. Magnets from 4.2 µm 

particles demonstrated constant coercivity despite oxygen variations, but those from 

smaller powders exhibited decreasing coercivity with increasing oxygen levels. Li et 

al. [67] investigated how grain size affected the coercivity of NdFeB sintered 
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magnets and observed that the coercivity decreased below an average grain size of 

4.5 µm (particle size of 3 µm), with the maximum coercivity being achieved at this 

particle size. In addition, the result shows that the area ratio of the Nd phase 

decreased from 58% of the total area of the Nd-rich phase for a grain size of 4.5 µm 

to 27% for 3 µm, while the NdOx phase increased from 2.9% to 9.3%. This suggests 

that the NdOx fraction is enhanced at the loss of Nd when finer particles absorb more 

oxygen. Since an interconnected network structure forms, resulting higher NdOx 

volume percentage makes it more difficult for a continuous thin grain boundary 

phase to occur, which leads to a loss of coercivity.  

Remanence is determined by factors such as magnetic volume, density, and grain 

alignment, all of which are influenced by particle size. An ideal range of particle 

sizes (D10 to D90) exists that maximizes grain alignment and enhances magnetic 

properties. However, excessively fine powders can lead to decreased orientation of 

grains as smaller particles do not possess adequate torque to overcome inter-particle 

friction, thereby negatively impacting remanence [65]. 

In previous studies, jet mill powders of different sizes have been used, e.g. Davies et 

al. [38] used 6 µm, Kim et al. [68] used 5 µm, Guo et al. [69] used 3.6 µm, Cui et al. 

[70] used 3.3 µm. According to studies, the ideal powder size range for NdFeB 

powders is 3-6 µm.  To improve the magnetic properties of NdFeB magnets, jet-

milled powder particle size classification and optimization are important. It is 

possible to increase the remanence and maximum energy product by eliminating 

extremely fine or coarse particles. While coarse powders inhibit densification, 

excessively fine powders create difficulties with grain growth. Maintaining the ideal 

grain size is crucial for obtaining optimum coercivity and remanence values. 

Improved magnetic properties depend on high material density as well as effective 

grain isolation, which is made possible by the Nd-rich phase surrounding Nd2Fe14B 

grains. Consequently, in order to achieve the desired magnetic performance in 

NdFeB sintered magnets, controlling the particle size distribution is essential [65]. 
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2.6 Recycling of NdFeB Magnets 

NdFeB magnets are important for high-technology applications and clean energy, 

including electric vehicles, hard disk drives (HDDs), wind turbines, etc. However, 

due to their reliance on REEs, mostly imported from China, which dominates the 

REE market, imposes export restrictions, and causes price volatility, these magnets 

face supply problems. This has brought attention to the possibility of Nd, Pr, and Dy 

supply shortages. Therefore, the availability issue is a major concern to many 

countries.  Opening rare earth mines outside of China, utilizing alternative 

technologies, lowering the amount of rare earth in applications, and recycling 

already-existing NdFeB magnets are some strategies for addressing these shortages. 

Nevertheless, mining is energy-intensive and harmful to the environment, 

alternatives can decrease efficiency, and current technology can't replace rare earths 

entirely without sacrificing performance. To improve the sustainable supply of 

NdFeB magnets, it is important to implement effective recycling procedures [71].  

The recycling of the magnets from End-of-life (EOL) products has the potential to 

serve as a sustainable secondary supply source for NdFeB magnets. Recycling 

NdFeB magnets presents a viable strategy to mitigate these issues. Although 

recycling is expected, today, less than 1% of REEs are recycled due to various 

difficulties in collection and sorting as well as purification from electronic waste. 

Since NdFeB magnets have different lifetimes depending on how they are used, it 

dictates their chances of being reused. Even though some NdFeB magnets are 

recycled, efficient economically viable technologies are absent when it comes to 

small electronics products. The existing recycling technique is still in the research 

and development stage, and it is expected to be a significant driver for recycled REEs 

regarding magnet sector demand in the future, especially by 2030. However, there 

are still problems in terms of contemporary feasibility and cost effectiveness which 

are mainly attributed to issues of processing as well as low concentration of magnetic 

materials found in e-waste. In general, effective chains of recycling these products 



 

 

 

34 

are critical for the provision of more sustainable sources of REEs, meeting the 

supply-demand crises and environmental concerns [71], [72], [73].  

NdFeB magnet recycling at different technology-readiness levels (TRLs) can be 

done through a variety of metallurgical processes, including liquid metal extraction, 

oxidation or chlorination, hydrometallurgical processing, and pyrometallurgical slag 

extraction, electrolysis in molten salts, and hydrogen decrepitation [73], [74]. NdFeB 

recycling involves various approaches, including direct reuse, waste-to-REE, waste-

to-alloy, and magnet-to-magnet (MtM) methods. The MtM route has the benefit of 

requiring fewer processing steps compared to conventional production, leading to 

lower energy and chemical consumption, minimal waste generation, reduced 

emissions, and improved magnetic performance. It provides a closed-loop recycling 

concept for commercial use and is especially well-suited for HDDs. However, 

challenges such as its inapplicability to mixed scrap feeds and oxidized magnets, as 

well as potential material losses, must be addressed. All things considered, the MtM 

recycling method offers an effective and sustainable solution for NdFeB magnets 

that are getting close to commercial viability [75].  

2.6.1 Hydrogen Decrepitation Process   

The basis of hydrogen decrepitation (HD) is the selective synthesis of neodymium 

hydrides via the chemical reaction of hydrogen gas with Nd present in the NdFeB 

magnet. A schematic drawing of the HD process is given in Figure 2.16. Large 

amounts of hydrogen gas can be reversibly absorbed by Nd2Fe14B alloys. The 

process of hydrogen absorption is divided into two phases. The HD process is first 

initiated at the Nd-rich grain boundaries at room temperature and ambient pressure 

and involves the formation of NdHx. The hydrogenation of the Nd-rich grain 

boundary phase can induce a volume increase of up to 16%, resulting in stresses that 

primarily promote crack propagation along grain boundaries. This exothermic 

process is followed by the formation of a hydrogen solution inside the Nd2Fe14B 

matrix phase, resulting in differential expansion and subsequent inter- and 
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transgranular fracture, eventually resulting in the efficient decrepitation of the 

material. The entire magnet expands and becomes brittle, allowing it to crumble and 

produce a partly demagnetized hydrogenated powder [13], [74], [76], [77] The 

exothermic absorption of hydrogen from the Nd-rich phase and the Nd2Fe14B matrix 

phase is represented by Equation 6 and Equation 7, respectively, where x and y 

depend on temperature and pressure [78].  

Nd + 
𝑥

2
 H2 = NdHx       (Equation 6) 

Nd2Fe14B + 
𝑦

2
 H2 = Nd2Fe14BHy      (Equation 7). 

This exothermic absorption can occur at room temperature and nearly 1 bar of 

hydrogen pressure [79], and the most stable phase is NdH2 among neodymium 

hydride phases [21]. However, according to Onal et al. [80] and Habibzadeh et al. 

[81], upon hydrogenation at room temperature, no observable NdHx is present; its 

formation occurs at higher temperatures. In addition, the formation of the hydride 

phase inhibits oxidation of the structure, creating a more stable structure [81].  

 

Figure 2.16 Schematic drawing of the HD process of NdFeB magnet [82] . 

Different fracture types arising during the HD process are depicted in Figure 2.17. 

Although intergranular cracking is the predominant mode (Figure 2.17 (c)) 

throughout the HD process, transgranular cracking also happens (Figure 2.17 (b)). 

The degree of anisotropy in the final powder may be decreased if some particles have 

several grains due to incomplete intergranular fracture propagation along all grain 

boundary phases (Figure 2.17 (d)) [76].  
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Figure 2.17 Diagrammatic illustration of the various fracture forms that may arise 

during the HD process: a) starting sample, b) intergranular and transgranular 

cracking c) entirely intergranular cracking, d) inadequate intergranular cracking 

[76]. 

The NdFeB magnet phases have widely differing particle sizes; based on the 

hydrogen cycle conditions, the matrix phase can range from 10 to 500 µm, while the 

grain boundary phase is usually smaller than 2 µm [83]. Furthermore, significant 

advantages are provided by the HD method for preparing bulk alloys to produce 

sintered magnets. This method overcomes the toughness related to free iron, making 

it easier to turn large alloy particles into fine powder. The HD process enables the 

production of single-crystal particles with clean surfaces appropriate for sintering or 

bonding later by encouraging intergranular failure. Additionally, the HD process 

reduces oxygen pick-up during milling since the treated material is less oxidizable 

and offers a non-oxidizing sintering process because of hydrogen desorption. Despite 

improving mechanical strength and coercivities by reducing grain sizes in the 

sintered magnets, this also makes it possible to manipulate the HD process 

parameters to better manage particle size, shape, and distribution [12], [13], [50].  

The microcracks in the particles are responsible for the friability obtained during the 

HD process, as mentioned before. These microcracks enable c-axis alignment in a 
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magnetic field even when the powder continues to be hydrogenated, allowing to 

production of fully aligned green compacts. These green compacts are different from 

standard powders because they do not exhibit coercivity at all as there is a large drop 

in coercivity due to hydrogen absorption that modifies the Nd-rich phase. This makes 

handling easier because the green compacts have almost no remanent magnetization.  

In order to promote hydrogen desorption, the green compacts are sintered in a 

vacuum. This process typically takes place in two phases, at around 200 °C and 600 

°C, showing that hydrogen evaporates from both the Nd-rich grain boundaries and 

the Nd2Fe14B matrix (see. Figure 2.18). The magnets regain considerable coercivity 

only when all hydrogen is vacated from the particles in the course of sintering, 

However, multi-crystallines have low coercivity which may be caused by the 

production of free iron at the boundaries of the grains during the hydrogenation 

reaction thereby explaining the reason behind lower-than-normal coercivity in HD 

green compacts [84].  

 

Figure 2.18 Variation in coercivity with degassing temperature of HD powder of 

sintered material [84]. 

The primary phase, Nd2Fe14BHx, must be allowed sufficient time to desorb hydrogen 

before being elevated to a higher temperature (T ≥ 600 °C) to enable desirable 

permanent magnetic characteristics. If the hydrogen desorption is not complete, the 
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ternary hydride, Nd2Fe14BHx, will be disproportioned into the binary Nd hydride, Fe, 

and Fe2B. While the Nd hydride desorbs H2 gas, forming Nd metal, at above 600 °C, 

the coercivity will remain unaffected. Nevertheless, the precipitation of Fe and Fe2B 

in the main phase can prevent the improvement of large coercivity by forming 

domain wall nucleation centers. However, it is normally expected that when the 

precipitates are reduced to a certain size, they will dissolve in Nd metal to form 

Nd2Fe14B, which eventually gets dissolved as sintering proceeds [13].   

X-ray and neutron diffraction studies [85] reveal that the insertion of hydrogen into 

the Nd2Fe14B crystal structure does not alter its lattice symmetry, maintaining a space 

group of P42/mnm. However, as the hydrogen atoms occupy the interstitial sites, 

such as 8j, 16k, and 4e, hydrogen insertion significantly expands the unit cell volume 

between 4 and 6%, [86], [87]. On the other hand, at higher hydrogen content, the cell 

expansion rate can be reduced, meaning a saturation of the interstitial site. More 

surprisingly, the saturation magnetization Ms increases when the hydride of 

Nd2Fe14B is formed. The increased volume of the unit cell appears to be the reason 

for this. In particular, the shortest Fe-Fe bond distances are observed to significantly 

increase with hydrogen, increasing exchange interactions and potentially raising the 

Curie temperature. Moreover, it has been observed that during the HD process, the 

amount of H2 absorbed has a tendency to greatly reduce the anisotropy field of the 

Nd2Fe14B phase, having a direct impact on the decrease of the coercivity and also 

significantly reducing the (BH)max [88], [89]. According to earlier research, 

hydrogen insertion significantly decreases uniaxial magnetic anisotropy by around 

70% [90].  

The HD process facilitates the recovery of hard magnetic powder from devices such 

as hard disk drives (HDDs), electric motors, actuators, wind turbines, and generators 

for the MtM process. Hydrogen effectively degrades the sintered Nd-Fe-B magnets 

in these devices, but coated magnets may need partial coating removal to allow 

hydrogen absorption. The stress arising during the HD process can help the coating 

to separate and disintegrate.  Efficient separation of the coating is important to ensure 

the purity of the recycled material [71], [91], [92].  
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The HD process is mainly influenced by two factors: temperature and pressure. 

Temperature variations impact the kinetics of hydrogenation processes. Elevated 

temperatures impact the synthesis of hydrides like NdH2 and NdH2.27 and accelerate 

the reaction kinetics [74]. Higher temperatures are also associated with more 

oxidation, especially in finer particles, potentially leading to decreased magnetic 

properties due to Nd2O3 formation [93]. Furthermore, the hydrogen content increases 

up to 100 °C but starts to decrease above this temperature [74], [81].  

Low-temperature HD is primarily driven by local expansion between matrix grains 

and the formation of NdHx from the Nd-rich grain boundary phases, ultimately 

leading to the structural collapse of the magnet. Temperature is a critical factor 

influencing the degree of pulverization. At lower temperatures, higher pulverization 

levels are achieved, as hydride formation is less pronounced, resulting in increased 

material brittleness and easier fragmentation. In contrast, at higher temperatures, 

pulverization decreases due to the formation of neodymium hydride (NdHx), a stable 

phase that prevents further oxidation of Nd-rich regions and reduces material 

fragmentability. According to the study conducted by Habibzadeh et al. [81], higher 

temperatures result in larger particle sizes compared to lower temperatures due to a 

decreased degree of pulverization; specifically, the D50 value is 33 μm at 100 °C 

and 1220 μm at 400 °C. Additionally, the formation of transgranular cracks with 

longer structures has been observed in larger particle sizes. Furthermore, in a 

microstructural analysis, they observed spherical Nd-rich particles. They noted that 

through vacuum sintering, these particles most likely came from the liquid phase and 

were not melted again during the following heat treatment. Due to the lower 

activation energy required for fracture initiation and propagation at lower 

temperatures, it was mentioned that this spherical phase could be an extra driving 

force for crack initiation.  

Pressure is another key parameter in the HD process. Piotrowicz et. al. [74] 

demonstrated that increasing pressure results in an increase in hydrogen uptake with 

decreasing process duration. According to the study, total disintegration occurred at 

pressures between 2 bar and 4 bar and temperatures below 100 °C. However, when 
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using sieving techniques to remove the protective coating from the magnet, excessive 

pressure is not recommended; the ideal decrepitation conditions have been 

determined to be between 29-100 °C at 1-2 bar. 

Li et. al. [78] indicated that the HD process involves four stages at initial hydrogen 

pressures between 0.1 and 1 MPa: surface activation of magnets, slow hydrogenation 

of the Nd-rich grain boundary phase, rapid hydrogenation of the Nd2Fe14B main 

phase, and slow hydrogenation of the material's interior. Both surface activation and 

hydrogenation processes are accelerated by rising hydrogen pressure thanks to 

improved physical adsorption and hydrogen contact with the sample. At pressures of 

6–15 MPa, surface activation becomes negligible, merging the hydrogenation stages 

of the Nd-rich and Nd2Fe14B phases. Furthermore, it was observed in the study that 

the hydrogen concentration was independent of the pressure at hydrogen pressures 

between 0.1 and 0.5 MPa. When the hydrogen pressure exceeds 0.5 MPa, the 

hydrogen content starts to increase. 

Higher pressures facilitate hydrogen absorption, leading to greater volumetric 

expansion and favoring the formation of intergranular and intragranular cracks. 

Increased hydrogen absorption leads to smaller-sized powders, which are preferred 

during subsequent forming operations. Insufficient pressure can result in incomplete 

hydrogenation, which lowers the degree of anisotropy of the powder with insufficient 

decrepitation and the formation of polycrystalline particles [76].
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CHAPTER 3  

3 EXPERIMENTAL PROCEDURE 

3.1 Starting Materials 

In this study, 4 scrap sintered Nd2Fe14B magnets, which have the same serial number, 

located in the voice coil motor (VCM) of EoL hard disk drives (HDDs) (Figure 3.1) 

were used as the starting material. The VCM was removed from the HDD using the 

manual separation method. As seen in Figure 3.2, there are two magnets inside a 

VCM assembly.  

 

Figure 3.1 Inside of the HDD. 

VCM assembly 
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Figure 3.2 a) VCM assembly b) NdFeB magnets in VCM assembly c) NdFeB 

magnets after separation of VCM assembly. 

3.2 Sample Preparation 

The coating of the scrap magnet needs to be removed slightly to allow hydrogen to 

react to the magnet during the HD process; however, removing the coating in the 

open atmosphere leads to oxidation. In addition, the VCM assembly can only be 

separated using tools in the open atmosphere and when separated from the magnet it 

leads to the removal of the coating, thus oxidation occurs. Therefore, the magnet was 

not separated from the VCM assembly. The coating removal was carried out in a 

glovebox to minimize the contact of the magnet with oxygen. The oxygen 

concentration in the environment of the glovebox is 13.5 ppm, and the moisture 

content is less than 0.5 ppm. The coating of the magnet was slightly removed with a 

rasp to create fresh surfaces where hydrogen can penetrate the magnet (Figure 3.3). 

Before HD processing, the magnets were in a magnetic state and had not undergone 

thermal demagnetization.  

a) b) 

c) 
3.5 cm  

1.5 cm  

0.3 cm  
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Figure 3.3 Fresh surfaces after the coating removal and hydrogen penetration into 

the magnet 

3.3 Experimental Techniques 

3.3.1 Hydrogen Decrepitation Process  

The reactor used for the HD process is given in Figure 3.4 (a). Since the reactor is 

removable, it was placed in the glovebox and the magnet partially separated from its 

coating was placed in the stainless steel hydrogenation chamber, Figure 3.4 (b), then 

connected to the system. Initially, the chamber was purged several times using argon 

gas to ensure that the atmosphere inside the chamber was clean and oxygen-free. 

Subsequently, hydrogen flow into the system was initiated. The HD process was 

carried out at room temperature with a constant hydrogen pressure of 2 bar for 2 

hours. At the end of 2 hours, the hydrogen flow was stopped, and the hydrogen in 

the chamber was evacuated. To completely remove the remaining H2 gas in the 

chamber, it was purged with argon gas again and then the chamber was opened in 

the glovebox (Figure 3.4 (c)). To eliminate the broken coating particles of scrap 

magnets, the HD powder was first softly crushed through a mortar and pestle 

following the HD process. Then, the powders were sieved with a 500-micron sieve. 
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After sieving, if any visible coating remained in the powder, it was removed with 

tweezers. The same procedure was performed for hydrogen pressures of 4 and 6 bar. 

 

Figure 3.4 a) The hydrogenation reactor b) Preparation of the reactor in the glove 

box c) Magnet powders separated from the VCM assembly after the HD process 

3.3.2 Ball Milling 

For the ball-milling (BM) process after the HD process, the Spex Sampleprep 8000D 

Mixer/Mill Figure 3.5 was used. The ball-to-powder ratio for the ball milling process 

was determined at 10/1. According to this ratio, 8 g of HD powders, 80 g of 3 mm 

AISI 52100 chrome steel balls, 10 ml of toluene, and 5 drops of oleic acid were 

placed in a stainless steel jar in the glove box. To prevent oxygen contact that may 

occur during the BM process, the jar was placed in a vacuum pack Figure 3.6 (a) and 

then milled for 30 minutes. After BM, the jar was placed in the glove box for 3-4 

days to allow the toluene to evaporate and the powders to dry Figure 3.6 (b). 
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Figure 3.5 Spex Sampleprep 8000D Mixer/Mill. 

  

Figure 3.6 a) Placement of the jar in a vacuum pack to prevent oxygen contact 

during the BM process b) Dried powders after the BM process 

3.4 Characterization Techniques 

3.4.1 Chemical Composition Analysis 

The chemical composition of the bulk scrap sintered Nd2Fe14B magnet was 

determined using inductively coupled plasma optical emission spectroscopy (ICP-

OES) (Thermo Scientific/ICAP 7000). The bulk scrap magnet was demagnetized at 

300 ⁰C, and it was ground with a mortar and pestle to prepare 7 individual samples 

of approximately 0.1 gram for ICP-OES analysis. The powders placed in an acidic 

combination of 4 mL HNO3, 1 mL HCl, and 6 mL HNO3 were completely dissolved 
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in the microwave at 220 ⁰C in about 75 minutes. Then diluted 1000 times with 2% 

HNO3, ICP-OES measurements were conducted. 

3.4.2 Microstructural Analysis 

For the microstructural analysis, the demagnetized bulk magnet was first embedded 

in DuroFast epoxy resin. Then, 500 and 1200-grain grinding papers were used to 

grind the sample, respectively. Polishing was performed using Diadoublo Mono 

suspension as a diamond suspension, with a 3 μm grain size. As a final step, oxide 

polishing was applied using Colloidal Silica Suspension 50 nm Alkaline.  

Thickness measurement and elemental analysis were performed on the coating 

separated from the magnet after the HD process. HITACHI SU5000 Field Emission-

Scanning Electron Microscope (FE-SEM) (Figure 3.7) was used to examine the 

protective coating. The system was equipped with an Oxford X-MaxN 80 Energy 

Dispersive X-ray Spectroscopy (EDS) detector. The secondary electrons (SE) were 

used for morphological analysis, and backscattering electrons (BSE) for elemental 

mapping to obtain the distribution of chemical composition. 

 

Figure 3.7 HITACHI SU5000 FE-SEM. 
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3.4.3 Magnetic Measurement 

Magnetic field-dependent magnetization (M/H) measurements were conducted by 

Vibrating-Sample Magnetometry (VSM) (Figure 3.8) under a ± 1.8 Tesla magnetic 

field at room temperature. 

 

Figure 3.8 GMW Magnet Systems Model 3473-70 Electromagnet VSM 

3.4.4 Particle Size Analysis 

Particle size analysis of the HD and BM powders was obtained from particle sizes 

measured from SE images taken at different sites with a HITACHI SU5000 FE-SEM 

(Figure 3.7). 

3.4.5 Oxygen and Hydrogen Contents 

LECO TCH 600 N O, H Determinator (Figure 3.9) used for measurement of oxygen 

and hydrogen contents of HD and BM powders. Approximately 0.05 grams of each 

sample was weighed, and the measurements were repeated 3 times for each sample. 

This analysis is carried out by burning the samples at high temperatures. After 



 

 

 

48 

combustion, oxygen is converted to CO and/or CO2, nitrogen to NOx, and hydrogen 

to H2O, and then the measurement is performed.  

 

Figure 3.9 LECO TCH 600. 

3.4.6 X-Ray Diffraction (XRD) Analysis 

Phase constituents of HD powders and ball-milled (BM) powders were measured by 

X-ray diffractometer (XRD) (Malvern Panalytical/Empyrean) (Figure 3.10). XRD 

analysis was continuously scanned between 20° and 80° 2θ angles, provided Co-Kα 

radiation at 40 kV, and the scan speed was 0.07 °/sec. Phase analysis was performed 

using HighScore Plus XRD Analysis Software.  

The crystallite size and microstrain of the HD and BM powders were calculated from 

the XRD pattern using HighScore Software. The crystallite size calculation is based 

on Debye-Scherrer Equation [94]:   

D = k λ/ βcosθ (Equation 8)  

where D is the crystallite size, λ is the x-ray wavelength (λ= 1.7902 Å), β is full 

width at half maximum (FWHM) of the detected peak and θ is the diffraction angle. 

The following formula is used to determine strain-induced broadening: 

ε =β/4 tan 𝜃 (Equation 9) 
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Figure 3.10 X-ray diffractometer (Malvern Panalytical/Empyrean). 
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CHAPTER 4  

4 RESULTS AND DISCUSSION 

In this section, the compositional and microstructural analysis of the scrap sintered 

NdFeB magnets are initially presented and discussed. Then, the microstructural, 

magnetic, and structural characterization of the scrap magnets after the HD process 

using different hydrogen pressures and the subsequent ball-milling process are 

introduced, and the effect of different pressures on the powders is compared. Figure 

4.1 provides a schematic representation of the entire context of the obtained results. 

 

Figure 4.1 A schematic representation of the results and discussion chapter. 

4.1 Inductively Coupled Plasma Optical Emission Spectroscopy 

According to ICP-OES results, the chemical composition of the scrap NdFeB magnet 

is given in Table 4.1. Along with the conventional NdFeB magnet composition (Nd, 
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Fe, and B), the starting material additionally included praseodymium (6.05 wt%), 

dysprosium (1.13 wt%), cobalt (0.88 wt%), and nickel (1.05 wt%), which are part of 

the protective coating. These values are in line with the composition ranges of typical 

HDD magnets [95]. There are also small amounts of other alloying elements (in total 

about 1.84 wt.%). The composition of the scrap NdFeB magnet is given in Table 4.1.  

Table 4.1 The composition of the scrap NdFeB magnet with standard deviations 

  Fe Nd B Pr Dy Nb Ni 

wt% 62.72  22.20 0.85 6.05 1.13 1.28 1.05 

Std dev 3.03 1.01 0.08 0.28 0.07 0.64 0.06 

  
Co Al Tb Ho Cu Ti Gd 

wt% 0.88 0.45 0.37 0.15 0.16 0.02 0.05 

Std dev 0.07 0.08 0.06 0.04 0.04 0.01 0.02 

 

4.2 Microstructural Examination 

4.2.1 Before Hydrogen Decrepitation Process 

Figure 4.2 shows the microstructure of the sintered scrap magnet. It consists mainly 

of the Nd2Fe14B main matrix with gray areas and is surrounded by the Nd-rich phase 

with other alloying elements with white areas and B-rich phases (Nd1+ℇFe4B4) [96], 

[97]. Additionally, the neodymium oxide phase is also observed [92].  
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Figure 4.2 SE image of the microstructure of the sintered scrap magnet 

A BSE photograph of the protective coating is seen in Figure 4.3 (a). The thickness 

of the protective coating was measured as 10 μm (Figure 4.3 (b)).  

  

Figure 4.3 BSE images of protective coating a) at 2500x magnification and b) at 

10,000x magnification 

To determine the chemical composition of the coating, EDS measurements were 

conducted on the top of the surface. The chemical composition of the coating is given 

in Table 4.2. According to the results, the coating was made of nickel (95.1 ± 0.2 

wt%). The carbon content (4.5 ± 0.1 wt%) can be due to the production line during 

the manufacturing of the magnet, and the carbon band used for attaching the sample 

holder. Additionally, as this scrap magnet was removed from an EOL HDD, it is to 

be expected that the coating will be damaged over time, which explains the oxygen 

content (0.4 ± 0.1 wt%). 
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Table 4.2 Chemical composition (wt%) of the protective coating 

Ni  C  O  

95.1 ± 0.2 4.5 ± 0.1 0.4 ± 0.1 

 

4.2.2 After Hydrogen Decrepitation Process 

Intergranular and transgranular fractures were observed in the SEM images of the 

HD powders (see. Figure 4.4). As mentioned in the literature [76], the dominant 

mode was observed to be intergranular fracture (Figure 4.4 (b, c, d)), since at lower 

temperatures the degree of pulverization increases. Figure 4.4 (a) shows the enclosed 

transgranular fracture, which originates inside the matrix grain but does not extend 

to the grain's edges. As observed in the study conducted by Habibzadeh et al. [81], 

although intergranular cracks were observed in the structure due to lower 

pulverization degree in studies carried out at high temperatures, the transgranular 

crack rate is higher according to this study. Furthermore, in accordance with the 

studies of Habibzadeh et al. [81], spherical Nd-rich phase and micro-indent 

impression, which is an effect of this phase, were observed, as seen in Figure 4.4 (c, 

e), which is indicated to contribute to the initiation of crack formation at low 

temperatures.  
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Figure 4.4 SEM images of intergranular and enclosed transgranular cracks, 

spherical Nd-rich phase, and its micro-indent impression after the HD processing at 

a) 2 bar (1), b) 2 bar (2) c) 4 bar, d) 6 bar. e) Closer look at the spherical Nd-rich 

phase. 
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Figure 4.5 shows the SE images of 2 bar, 4 bar, and 6 bar HD powders at 1000x 

magnification. As seen in the images, the bulk magnet effectively turned into powder 

through the HD process. However, with increasing pressure, increasing 

polycrystalline particles, which consist of many grains, were observed. It can be due 

to a decrease in diffusion rate differences between the main matrix and grain 

boundary. This may reduce the stress required to break the particles [78].  

Polycrystalline particles affects adversely the homogeneity of particle size 

distribution; however, subsequent ball-milling already aims to achieve a more 

uniform and smaller particle size distribution. Notably, it can be said that there is a 

considerable reduction in particle size when comparing 2 bar HD powder (Figure 4.5 

(a)) with 4 and 6 bar (Figure 4.5 (b, c)), but there is no observable difference between 

4 and 6 bar HD powders. 

      

   

Figure 4.5 SE images of a) 2 bar HD, b) 4 bar HD, c) 6 bar HD powders at 1000x 

magnification. 

a) b) 

c) 
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SE images taken after the ball milling process applied to 2, 4, and 6 bar HD powders 

are represented in Figure 4.6. A notable reduction in particle size was observed when 

comparing BM powders to HD powders. Furthermore, the shape of the particles 

became flake-like, which is in line with the literature [96]. Although some drops of 

oleic acid were used during the BM process to prevent particle agglomeration, the 

large particles seen in the images are likely due to agglomeration. Particle 

agglomeration may result from decreasing particle size as it increases surface area 

and raises surface energy. To bring the formula back into balance, the particles have 

a tendency to gather together by lowering their surface energy [98]. 
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Figure 4.6 SE images of a) 2 bar BM, b) 4 bar BM, c) 6 bar BM powders at 500x 

magnification, d) 2 bar BM, e) 4 bar BM, f) 6 bar BM powders at 10,000x 

magnification. 
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4.3 Magnetic Measurement 

The hysteresis curves for raw scrap NdFeB magnets and HD powders highlight 

significant differences in magnetic properties, which are represented in Figure 4.7 

(a). The scrap NdFeB magnet exhibited a coercivity (Hc) of approximately 2555 Oe 

and a remanent magnetization (Mr) of 141 emu/g. In contrast, the Hc of the HD 

powders (Figure 4.7 (b)) was below the threshold required for PM performance, 

which is above 125 Oe [18], indicating a transition from hard magnetic to soft 

magnetic behavior due to hydrogen entrance into the structure. In other words, the 

magnet is demagnetized as a result of the HD process, aligning with findings in the 

literature [12]. 

 

Figure 4.7 a) M-H graphs of scrap NdFeB magnet and, 2 bar, 4 bar, and 6 bar HD 

powders b) closer look at HD powders M/H curves 

Mr 

Hc 

a) 

b) 
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The magnetic hysteresis loops obtained after the BM process are given in Figure 4.8. 

Interestingly, powders demagnetized by HD treatment exhibited an increase in Hc 

values following the BM process. Hc values reached the range of 600-800 Oe values, 

which is above the limit required for hard magnetic material.  

Smaller particle sizes have a larger surface-area-to-volume ratio, which increases 

surface anisotropy. In addition, smaller grains lead to a higher density of grain 

boundaries that serve as pinning sites. This increase in Hc could be due to decreasing 

grain size increases coercivity [19]. However, the existing literature lacks research 

on this point, highlighting the need for further research. 

 

Figure 4.8 a) M-H graphs of scrap NdFeB magnet and, 2 bar, 4 bar, and 6 bar BM 

powders b) closer look at BM powders M/H curves 

a) 

b) 
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4.4 Oxygen and Hydrogen Content 

The oxygen and hydrogen concentration results after the HD process and subsequent 

ball-milling process are given in Table 4.3. According to the results, an average 

oxygen content of 0.7 wt% falls into the range identified by Kim et al. [61] and 

Minowa et al. [62]. Although the 4 bar HD is the closest to the recommended oxygen 

concentration, the oxygen rates after the HD process are above the recommended 

oxygen rate, and these values increase even more after the ball-milling process.  

Table 4.3.Oxygen and Hydrogen contents (wt%). 

Sample Oxygen  Hydrogen  

2 bar HD 1.58 ± 0.03 0.307 ± 0.01 

4 bar HD 0.796 ± 0.015 0.275 ± 0.004  

6 bar HD 0.837 ± 0.027  0.255 ± 0.002 

2 bar BM 3.827 ± 0.542 0.335 ± 0.017 

4 bar BM 3.233 ± 0.684 0.465 ± 0.148 

6 bar BM 3.328 ± 0.2 0.309 ± 0.018 

 

Considering the literature, an increase in hydrogen content was expected as the 

hydrogen pressure increased [74]. On the contrary, the results of the HD powders 

show a decrease in hydrogen content as the hydrogen pressure increases, even though 

there are very small differences between the hydrogen contents. This can be 

explained in two ways. (1) Increasing the pressure enhances the diffusion kinetics 

and decreases the processing time [74]. In other words, increasing pressure increases 

the mobility of hydrogen. Accordingly, hydrogen with increased mobility enters the 

structure faster and can also exit the structure more quickly. The entry of hydrogen 

into the structure is sufficient for the HD process to take place, it does not need to 

remain in the structure. (2) Additionally, LECO analysis conducted at room 

temperature and 1 bar pressure may not reflect actual hydrogen content 

quantitatively. At pressures higher than 1 bar, some of the residual hydrogen in 
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hydrogenated powders may be released at 1 bar, considering that higher pressures 

increase hydrogen solubility. 

On the other hand, the increase in hydrogen content after the BM process compared 

to the HD process can be due to the moisture in the glove box and toluene (C₆H₅CH₃) 

used during the process. However, moisture in the glove box was very small (< 0.5 

ppm), and toluene was evaporated. There is no information about this situation in the 

literature; therefore, this needs further investigation.  

4.5 X-Ray Diffraction 

X-ray powder diffraction analyses of crystal structure and phase analyses were 

performed between 2θ=20°-80° using a Co-Kα source (λ= 1.7902 Å). Using the 

obtained XRD analysis data, the crystal structure and phase analysis of the powders 

were analyzed using Panalytical HighScore Plus software. In phase analysis, phases 

compatible with reference databases were determined. 

XRD pattern of the scrap NdFeB magnet before the HD process is presented in 

Figure 4.9. The measurement was made after the demagnetized bulk magnet was 

crushed into powder in a mortar and pestle in the glovebox. In the XRD phase 

analysis of the scrap magnet, Neodymium Iron Boron (Nd2Fe14B) and Neodymium 

Oxide (Nd2O3) phases were matched with ICSD database 98-004-1393 and ICSD 

database 98-002-6867, respectively. This is consistent with the literature [81]. Since 

oxygen content was detected due to the possibility of damage to the protective 

coating based on the EDS findings, it was expected to detect the Nd2O3 phase (0.9 

wt%) in the scrap NdFeB magnet at the XRD phase analysis results. Lattice 

parameters of the Nd2Fe14B phase and Rietveld parameters are shown in Table 4.4. 
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Figure 4.9 XRD pattern of the scrap NdFeB magnet before the HD process. 

Table 4.4 Lattice parameters of Nd2Fe14B phase and Rietveld parameters for 

demagnetized NdFeB magnet. 

 a [Å] c [Å] V [Å³] 

Chi 

Square 

(χ2) 

Rp Rwp Rexp 

NdFeB 

Magnet 
8.799 12.211 945.405 1.40 2.1 2.8 1.9 

 

XRD patterns for 2 bar, 4 bar and 6 bar HD powders are given in Figure 4.10, Figure 

4.11, and Figure 4.12, respectively. Neodymium Iron Boron Hydride 

(Nd2Fe14BH3.31) and Neodymium Oxide (Nd2O3) phases were observed in phase 

analysis. It is seen that the main phase crystallizes in P 42/mnm (space group no= 

136) tetragonal crystal structure, which also belongs to the 2:14:1 structure. As noted 

in Chapter 2, hydrogen enters the microstructure without changing the 

microstructure and the space group [85]. The observed Nd2Fe14BH3.31 phase for each 
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sample indicates that hydrogen was successfully incorporated into the structure and 

formed the desired phase.  

In the XRD phase analysis of HD powders, Neodymium Iron Boron Hydride 

(Nd2Fe14BH3.31), Neodymium Oxide (Nd2O3) and Neodymium(III) Oxide (Nd2O3) 

phases were matched with ICSD database 98-0008-0974, ICSD database 98-003-

2514, and ICSD database 98-018-4526 reference codes respectively.  

The results of the phase analysis for the HD powders are given in Table 4.5. The 

Nd2O3 phase values in the table are the total values of Neodymium Oxide (Nd2O3) 

and Neodymium(III) Oxide (Nd2O3) phases. Although the absence of NdH2 phase 

formation in the phase analysis contradicts some studies [21], [79], it has been 

revealed by previous studies  that the NdH2 phase does not form at room temperature 

[80], [81]. In this study, since the HD process was conducted at room temperature, 

and therefore no hydride formation was observed in the material. The increasing Nd-

oxide phases in HD powders compared to the scrap magnet (0.9 wt%) may be 

attributed to the absence of hydride formation at low temperatures. The presence of 

Nd-oxide phases in the microstructure may be attributed to the absence of hydride 

formation at low temperatures. Without hydride formation, the Nd-rich regions are 

unable to develop a stable structure that effectively prevents oxidation, leading to the 

observed Nd oxide phases [81]. 

LECO analysis results (Table 4.3) are consistent with XRD phase analysis results. 

As the hydrogen contents were almost constant, the phase distribution was 

proportional to the oxygen contents.  Since 2 bar HD has the highest oxygen content 

(1.58 ± 0.03 wt%), the formation of the Nd2O3 phase (in total about 8 wt%) is higher 

than others. Furthermore, according to LECO analysis results, 6 bar HD has more 

oxygen content (0.837 ± 0.027 wt%)  compared to 4 bar HD (0.796 ± 0.015 wt%), 

and based on phase analysis results, the oxide phase formed at 6 bar HD (3.9 wt% 

Nd2O3) is more than at 4 bar HD (3 wt% Nd2O3). According to this, the best 

outcomes were obtained in 4 bar HD powder with the formation of the highest main 

phase (96.6 wt% Nd2Fe14BH3.31) and the lowest oxide phase (3 wt% Nd2O3).  



 

 

 

65 

20 30 40 50 60 70 80

2000

4000

6000

8000

2
5

,9
5

8
4

8
3

2
,3

9
2

3
23

5
,9

2
4

3
6

3
5

,4
9

1
0

7

In
te

n
s
it
y
 (

a
.u

.)

Neodymium Iron Boride Hydride (2/14/1/3.31) 91.9%

Neodymium Oxide 4.2%

Neodymium(III) Oxide 3.8%

2q () 

2 bar-HD

 

Figure 4.10 XRD pattern of 2 bar HD 
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Figure 4.11 XRD pattern of 4 bar HD 
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Figure 4.12 XRD pattern of 6 bar HD 

Table 4.5 XRD phase analysis results (wt%) for 2 bar HD, 4 bar HD, and 6 bar 

HD. 

 Nd2Fe14BH3.31 Nd2O3 

2 bar HD 91.9 8.1 

4 bar HD 96.9 3 

6 bar HD 96.1 3.9 

 

Lattice parameters of the Nd2Fe14BH3.31 phase and Rietveld parameters are given in 

Table 4.6. As seen in the table lattice parameters of HD powders increased compared 

to the scrap magnet (a = 8.799 Å, c = 12.211 Å). The volume of the main matrix of 

the scrap magnet (V= 945.405 Å³) experienced an increase of 3.59%, 3.62%, and 

3.18% for 2, 4, and 6 bar HD powders, respectively. According to the growth rates 

of the volumes, the most expansion was achieved in 4 bar HD powders. The fact that 

6 bar HD has the least expansion might be due to decreasing stress between the main 

matrix and grain boundary, as mentioned earlier.  Moreover, when the XRD patterns 
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before and after HD treatment are compared, the HD peaks are shifted to the left as 

seen in Figure 4.13. Overall, the left shift of the peaks and the increase in the lattice 

parameters compared to before hydrogenation prove that hydrogen enters the 

structure, leading to volume expansion. 

 

Table 4.6 Lattice parameters of Nd2Fe14BH3.31 phase and Rietveld parameters for 2 

bar HD, 4 bar HD, and 6 bar HD. 

 a [Å] c [Å] V [Å³] ∆V (%) 

Chi 

Square 

(χ2) 

Rp Rwp Rexp 

2 bar 

HD 
8.912 12.331 979.374 3.59 1.3 2.1 2.7 2.1 

4 bar 

HD 
8.913 12.332 979.673 3.62 1.9 2.8 3.8 2.0 

6 bar 

HD 
8.896 12.326 975.465 3.18 1.9 2.5 3.5 2.1 

 

 

Figure 4.13 Comparison of XRD peaks of a) the scrap NdFeB magnet before the 

HD process, b) 2 bar HD, c) 4 bar HD, and d) 6 bar HD. 
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XRD analysis was performed to observe how the crystal structure changed after the 

BM process. XRD patterns of 2 bar BM, 4 bar BM, and 6 bar BM are presented in 

Figure 4.14, Figure 4.15, and Figure 4.16, respectively. In the phase analysis, 

Neodymium Iron Boron Hydride (Nd2Fe14BH3.31) and Neodymium Oxide (Nd2O3) 

phases were matched with ICSD database 98-0008-0974 and ICSD database 98-002-

6867, respectively, as in the HD powders. 

 

20 30 40 50 60 70 80

2000

4000

6000

8000
2 bar-BM

In
te

n
s
it
y
 (

a
.u

.)

2q ()

 Neodymium Iron Boride Hydride (2/14/1/3.31) 95.9%

 Neodymium Oxide 2.2%

Neodymium(III) Oxide 1.9%

 

Figure 4.14 XRD patterns of 2 bar BM  
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Figure 4.15 XRD patterns of 4 bar BM 
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Figure 4.16 XRD patterns of 6 bar BM 
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The results of the phase analysis can be seen in Table 4.7.  According to the LECO 

analysis results (Table 4.3), it was observed that the oxygen content increased after 

BM compared to the HD process, while the phase analysis results showed that the 

oxide phase decreased. Even 100 wt% Nd2Fe14BH3.31 phase was detected for 4 bar 

BM. However, when the XRD patterns of BM powders are analyzed, a broadening 

of the peaks is observed compared to the HD powders. The broadening observed in 

the peaks following the BM process may have caused the oxide phases to remain 

beneath the dominant peaks in the XRD analysis, making their detection challenging. 

This could be attributed to the broadening effect, which may have masked or 

overlapped the weak signals of the oxide phases. According to the literature that 

Williamson and Hall stated, strain and crystallite size both contribute to the 

broadening of the diffraction line [99].  

Table 4.7 XRD phase analysis results (wt%) for 2 bar BM, 4 bar BM and 6 bar BM. 

 Nd2Fe14BH3.31  Nd2O3  

2 bar HD 95.8 4.1 

4 bar HD 100 - 

6 bar HD 98.7  1.3 

 

Lattice parameters of the Nd2Fe14BH3.31 phase and Rietveld parameters are given in 

Table 4.8. When BM powders were compared with the volume of HD powders, a 

decrease of 0.91% in 2 bar HD, 0.81% in 4 bar HD, and 0.71% in 6 bar HD powder 

was observed.  
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Table 4.8 Lattice parameters of Nd2Fe14BH3.31 phase and Rietveld parameters for 2 

bar BM, 4 bar BM, and 6 bar BM. 

 a [Å] c [Å] V [Å³] ∆V (%) 

Chi 

Square 

(χ2) 

Rp Rwp Rexp 

2 bar 

BM 
8.877 12.315 970.436 - 0.91 1.3 1.9 1.9 1.9 

4 bar 

BM 
8.882 12.318 971.766 - 0.81 1.4 2.5 2.5 2.4 

6 bar 

BM 
8.871 12.308 968.574 - 0.71 1.3 1.9 1.8 1.8 

 

The crystallite size and microstrain of the HD and BM powders were calculated 

using HighScore Plus Software. The calculation involves Equation 8 and Equation 

9. For the comparison of the crystallite size of HD and BM powders, the highest 

intensity peak of HD powders was selected as indicated in Table 4.9. 

Table 4.9 The position, FWHM, crystalline size, and microstrain for the observed 

peak having the highest intensity 

 Position (°2θ) FWHM (°2θ) 
Crystallite 

Size (Å) 
Microstrain 

2 bar HD 43.050 0.1602 836 0.146 

2 bar BM 43.119 0.34 198 0.613 

4 bar HD 43.088 0.1408 1009 0.121 

4 bar BM 43.109 0.3199 220 0.553 

6 bar HD 43.053 0.0953 2822 0.043 

6 bar BM 43.226 0.3036 206 0.590 

 

According to the FWHM measurements, it can be seen that the FWHM values 

increase after the BM process, i.e. the peaks broaden as mentioned before. Peak 
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broadening results from strain in the structure caused by deformation and defects in 

the crystal. XRD peaks expand as crystallite size decreases and crystal lattice defects 

develop [99]. In line with this, analysis of crystallite size reveals significant 

reductions when comparing BM powders to HD powders under varying pressures. 

Specifically, crystallite size in 2 bar BM powders decreased by 76.32% relative to 2 

bar HD powders, 4 bar BM powders showed a 78.20%  decrease compared to 4 bar 

HD powders, and 6 bar BM powders exhibited a 92.7% reduction in crystallite size 

compared to their 6 bar HD powders. The reduction in crystallite size is accompanied 

by an increase in lattice imperfections, leading to higher microstrains. Compared to 

HD powders, the microstrain values in BM powders at pressures of 2 bar, 4 bar, and 

6 bar increased by factors of 4.2, 4.57, and 13.72, respectively. As a consequence, 

the decrease in particle size led to peak broadening, decreased crystallite size, and 

increased microstrain.  

4.6 Particle Size Distribution 

SE images taken from 3 different locations of each sample were used to determine 

the particle size distribution of HD powders. The measurements of the particle size 

were done by visual observation, and Figure 4.17 shows an example from the 

measurements. Particle size measurement with SEM images is limited by the number 

of particles selected and depends on user choice. 156 particles for 2 bar HD, 83 

particles for 4 bar HD, and 131 particles for 6 bar HD were selected and measured 

manually. For BM powders, 122 particles were measured for 2 and 4 bar BM and 

127 particles for 6 bar BM. As shown in Figure 4.17 (a), small non-polycrystalline 

particles were selected during HD powder particle size measurement. On the other 

hand, during BM powder measurements (Figure 4.17 (b)), both agglomerated 

particles and single particles were selected.  
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Figure 4.17 SEM images of particle size measurement of a) 2 bar HD, and b) 2 bar 

BM powders 

The calculated average particle diameters for the HD powders are as follows: 16.25 

± 3.91 μm for 2 bar HD, 13.84 ± 4.52 μm for 4 bar HD, 9.59 ± 2.24 μm for 6 bar 

HD. Particle size distribution graphs for HD powders at 2 bar, 4 bar, and 6 bar are 

presented in Figure 4.18, Figure 4.19, and Figure 4.20, respectively. The graphs 

indicate that the Gaussian curves for the particle size distribution are in the ranges of 

12-16 μm for 2 bar, and 8-12 μm for 4 bar and 6 bar HD powders. This is supported 

by the fact that the 2 bar HD powder observed in the SEM analysis had a larger 

particle size than the others, but there was no observable difference in the 4 and 6 

bar HD powders. 

It was observed in the microstructural analysis that intergranular fracture was 

dominant due to the increase in the degree of pulverization at low temperatures. 

When the particle sizes obtained in the previously mentioned study [81] where the 

HD process was carried out at high temperatures were examined, it was determined 

that much smaller particle sizes were obtained in this study. 

a) b) 
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Figure 4.18 The graph of the particle size distribution for 2 bar HD powder 

 

Figure 4.19 The graph of the particle size distribution for 4 bar HD powder 
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Figure 4.20 The graph of the particle size distribution for 6 bar HD powder 

D10, D50, and D90 values calculated approximately according to the cumulative 

amount curves from particle size distribution graphs are presented in Table 4.10. 

Although an increased polycrystalline particle was observed in SEM images, it can 

be seen that increasing pressure decreased the particle size of small particles. The 

comparison of the D50 values showed that the particle size decreased by 21.1% when 

the pressure was raised from 2 bar to 4 bar and by 24.4% when the pressure was 

raised from 4 bar to 6 bar. The results indicate that the small particle size decreases 

almost linearly with increasing hydrogen pressure. However, with decreasing 

particle size, the size of the protective coating particles also decreased. Therefore, 

after the HD process at 6 bar, the separation of the coating from the powder was 

more challenging than the others.  

Looking at the hydrogen content (Table 4.3) and volume change of the main matrix 

(Table 4.6), the lowest hydrogen content and volume change was observed in the 6 

bar HD powder, but it has the lowest particle size distribution. Increasing pressure 

leads to an increase in hydrogen mobility. This might increase the concentration of 
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accumulating hydrogen at grain boundaries. This may also cause to occur hydrogen 

embrittlement [12], leading to localized stress concentrations —not just the volume 

expansion— and particles may become more fragile.  

Table 4.10 D10, D50, and D90 values based on the cumulative amount after the 

HD process 

 D10 (µm) D50 (µm) D90 (µm) 

2 bar HD 9 14.25 20 

4 bar HD 7.25 11.25 19 

6 bar HD 5.5 8.5 12 

 

Based on the LECO and XRD analysis results, 4 bar HD powder had the lowest 

oxygen content with the highest Nd2Fe14BH3.31 phase formation, although 6 bar HD 

has the lowest particle size distribution. Since these characteristics have the potential 

to improve the overall quality and performance of the finished product, 4 bar HD 

powder is therefore considered to be more suitable for the subsequent ball-milling 

step. 

The calculated average particle diameters for 2, 4, and 6 bar BM powders are 1.69 ± 

0.75, 0.80 ± 0.38, and 0.85 ± 0.35 μm, respectively. Figure 4.21, Figure 4.22, and 

Figure 4.23 show the particle size distribution graphs of 2, 4, and 6 bar BM powders, 

respectively. The plots indicate that for 2, 4, and 6 bar BM powders, the Gaussian 

curve falls between 1.5-2, 0.4-0.6, and 0.6-0.8 μm, respectively.  
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Figure 4.21 The graph of the particle size distribution for 2 bar BM powder 

 

Figure 4.22 The graph of the particle size distribution for 4 bar BM powder 
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Figure 4.23 The graph of the particle size distribution for 6 bar BM powder 

Table 4.11 displays the approximate D10, D50, and D90 values based on the 

percentage of cumulative amount. After ball-milling, there was a significant decrease 

in particle size. While the 4 bar and 6 bar BM powders exhibited similar particle size 

distributions, analysis of D50 values revealed that the 4 bar BM powder had the 

smallest distribution, followed by the 6 bar and 2 bar BM powders. The small 

difference in the D50 values of 6 bar HD and 4 bar HD may be due to the higher 

density of polycrystalline particles. Besides, the fact that they have a similar 

distribution may indicate that hydrogen makes the 4 bar HD more fragile. In addition, 

XRD data indicated that the volume expansion of the 4 bar HD powder was greater 

than the others. Consequently, this increased brittleness may account for the smaller 

D50 value observed in the 4 bar BM powder. 
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Table 4.11 D10, D50, and D90 values based on the percentage of the cumulative 

amount after ball-milling 

 D10 (µm) D50 (µm) D90 (µm) 

2 bar BM 0.6 1.4 2.4 

4 bar BM 0.3 0.6 1.25 

6 bar BM 0.3 0.75 1.2 

 

As noted in Chapter 2, the optimum particle size range for ideal performance is 

between 3-6 µm. Achieving the ideal particle size is crucial to obtaining the desired 

microstructure and density in the production of PMs, as it directly affects the 

performance and properties of the magnet. Optimal alignment and interaction 

between magnetic grains are facilitated by proper particle size, which results in 

enhanced magnetic performance reflected by higher maximum energy product 

(BH)max. However, much smaller particle sizes than the desired particle sizes were 

obtained with the BM process. This excessive reduction in particle size indicates that 

the ball-milling time was too long. 
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CHAPTER 5  

5 CONCLUSION AND FUTURE RECOMMENDATIONS 

5.1 Conclusions 

1. In the composition analysis of the scrap NdFeB magnet, which is the starting 

material, it was observed that it was compatible with the composition of the 

standard HDD NdFeB magnets. EDS results indicated that oxygen was 

present in the protective coating. This was expected since the coating is likely 

to damage the magnet due to long-term use. 

2. In the microstructural analysis performed after the HD process, it was 

determined that the intergranular fracture mode was more dominant, and 

spherical Nd-rich particles were found in the structure and these findings 

were found to be consistent with the literature.  

3. In addition to the microstructural analysis observations, an increased 

polycrystalline particles density was observed with increasing pressure. This 

was attributed to the fact that as the pressure increases, the diffusion rate 

differences between the host matrix and the grain boundary decrease, which 

may reduce the stress needed to break the particles, which is also consistent 

with the literature. 

4. In magnetic measurement analysis, the Hc value of the raw scrap magnet was 

determined as 2555 Oe and Mr value as 141 emu/g. After the HD process, it 

was observed that the Hc values of HD powders remained below the limit 

(125 Oe) of being hard magnetic material, i.e. they turned into soft magnetic 

material. Meanwhile, the fact that hydrogen demagnetizes the magnet by 

entering the structure has been proven.  

5. Interestingly, M/H measurements of the BM process after the HD process 

showed an increase in the Hc value of the powders. This phenomenon has not 
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been studied in the literature, but it is thought that the increased domain 

boundary density associated with decreasing particle size may have increased 

the coercivity. 

6. The expectation that the hydrogen content would increase with increasing 

pressure during the HD process was in contradiction with the LECO analysis. 

This situation was evaluated in 2 different approaches. (1) Increased 

hydrogen pressure accelerates the diffusion kinetics, allowing hydrogen to 

enter and exit the structure more rapidly. (2) Hydrogenated powders at 

pressures higher than 1 bar, can release residual hydrogen when placed under 

the pressure of 1 bar, as well as increasing pressure enhances hydrogen 

solubility. Therefore, LECO analysis at room temperature and 1 bar may not 

accurately indicate actual hydrogen content. 

7. According to the LECO results, it was found that the oxygen ratio increased 

significantly after ball-milling. On the other hand, it was suggested that the 

increased hydrogen content may be due to the toluene (C₆H₅CH₃) used as 

liquid media in the BM process or moisture environment in the glove box, 

but this situation requires further investigation.  

8. In the XRD phase analysis of scrap NdFeB magnet, Nd2Fe14B and Nd2O3 

phases were found and it was mentioned that the presence of the oxide phase 

is expected due to the damaged coating.   

9. After the HD process, the formation of  Nd2Fe14BH3.31 and Nd2O3 phases 

were observed in XRD phase analysis in accordance with the literature. The 

fact that hydrogen enters the crystal structure without altering the space group 

or microstructure was mentioned since it was observed that the main matrix 

phase crystallizes in P 42/mnm (space group no= 136) tetragonal crystal 

structure, which also belongs to the 2:14:1 structure. 

10. Although it is generally accepted that the NdH2 phase is formed after HD 

treatment at room temperature, previous studies have reported that the NdH2  

phase is not formed at low temperatures. The absence of NdH2 phase 

formation in this study contributed to the previous studies. In addition, it was 
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stated that an increase in the oxygen content may have been caused by the 

lack of formation of the NdH2 phase, which acts as protection against 

oxidation.  

11. When the XRD analysis results of scrap NdFeB magnet and HD powders 

were compared, an increase in the lattice parameters and a left shift in the 

peaks of HD powders were observed. These findings indicated that the 

conditions for hydrogen to enter the structure and cause volume expansion 

were provided. However, the fact that the 6 bar HD had the lowest volume 

expansion was attributed to the reduced stress between the main matrix and 

grain boundary.  

12. After the HD process, the LECO analysis results were found to be compatible 

with the XRD phase analysis results. According to XRD phase analysis 

results, the optimal results were obtained in 4 bar HD powder with the 

formation of the highest main phase (96.6 wt% Nd2Fe14BH3.31) and the lowest 

oxide phase (3 wt% Nd2O3).  

13. XRD phase analysis revealed the formation of Nd2Fe14BH3.31 and Nd2O3 

phases during the BM process, which is consistent with that of HD powders. 

Although the LECO results showed an increase in oxygen after ball-milling, 

XRD phase analysis demonstrated a decrease in the content of the oxide 

phase. It was stated that due to the broadening observed in the peaks after the 

BM process, the weak signals of the oxide phases may have remained under 

the dominant peaks in the XRD analysis, masking or overlapping them, 

making their detection difficult. 

14. Upon comparison to HD powders, ball-milling results in decreased lattice 

parameters, increased FWHM values, confirming peak broadening, and 

reduced crystallite size with increased microstrain. It was stated that these 

changes were caused by the reduction in particle size.  

15. Particle size analysis revealed a 21.2% decrease in size between 2 bar HD 

and 4 bar HD powder, and a 24.4% decrease between 4 bar HD and 6 bar HD 

powder, with the 6 bar HD powder exhibiting the smallest particle size 
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distribution. Therefore, it was indicated that the increase in hydrogen 

pressure leads to a decrease in size. However, it was reported that it was more 

difficult to separate the protective coating from 6 bar HD powders.  

16. When the particle size distribution results were evaluated together with 

LECO and XRD results, it was seen that 4 bar HD powder was more suitable 

for further processing. 

17. After the ball-mill process, the smallest particle size distribution according 

to D50 values was observed in 4 bar BM powder. It was suggested that this 

may be due to the fact that 4 bar HD has the highest volume expansion 

according to XRD analysis results.  

18. In the BM process, the target particle size range was not achieved, resulting 

in excessively decreased particle sizes. For this reason, it was determined that 

the ball-milling process time was too long.  

5.2 Future Recommendations 

• Comparison of magnetic properties of scrap NdFeB magnets and magnets 

produced after optimization of ball milling time at 4 bar HD could be a 

research topic.  

• To identify the underlying causes of the observed increase in coercivity after 

ball milling, more research is required. Microstructure analysis, association 

with grain size distribution, and domain wall behavior analysis may all be 

part of this investigation. 

• Since NdH2 is not formed at low temperatures, the changes in oxidation rates 

in the structure after HD and BM processes with NdH2 doping can be 

compared with this study.  

• By maintaining the HD process at a constant pressure of 4 bar, the changes 

in the structure at varying temperatures can be observed.  
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• Since hydrogen solubility and stability of phases change with pressure, a 

study can be carried out using computational modeling or simulation to 

predict them. 
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