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FOREWORD 
 
This thesis originated from the project “Permanent magnets for sustainable 
energy application (MagMat)”, 2012-2015. During the project, Tallinn 
University of Technology, Department of Materials Engineering (TUT DME), 
Department of Fundamentals of Electrical Engineering and Electrical Machines 
(DFEEEM), National Institute of Chemical Physics and Biophysics (NICBP), 
functioning as research institutions, co-operated with several business 
organizations such as Molycorp Silmet AS, Neorem Magnets OY, Prizztech OY, 
and ABB AS to achieve the goals of the project.  
 
As the challenges of the project and the PhD research are in good compliance, 
they are unveiled in detail in the body part of the thesis (Section 1.5 Aims of the 
study). Generally, the MagMat project was focused on the development of 
expertise and knowledge in the magnetic materials that contain Rare-Earth 
metals. The topic is of importantance on the national, EU- and global scale. 
 
Each institution and organization involved had its own core competences. TUT 
DME team researched and developed magnetic materials technologies. TUT 
DFEEEM, NICBP and ABB AS were responsible for the characterization and 
modeling of machines utilizing the materials developed. Molycorp Silmet AS and 
Neorem Magnets OY provided most of the master alloys used in the preparation 
of Nd-Fe-B magnetic alloys and conducted industrial tests. Prizztech OY was the 
consolidating joint, uniting all MagMat project participants with guidance and 
recommendations. 
 
Currently, the Rare-Earth (RE) permanent magnets (PMs) have nearly reached 
their theoretical limits in terms of maximum energy product (BH)max [1]. On the 
other hand, none of PMs provide all the properties required for demanding 
applications [2, 3]. Standard industrial processing procedures for PMs are often 
costly and difficult to implement on an industrial scale [4]. Therefore, it is highly 
desirable to develop PMs that have high magnetization, coercivity and thermal 
stability, achieved at low processing cost. 
 
Microstructure and properties of the magnets are strongly connected to the 
preparation route. The most important parameters influencing the quality of the 
PM are chemical composition, particle size and size distribution of the magnetic 
powders, sintering regimes and contamination rate, especially with oxygen [1]. 
 
Current research is concentrated on the development and preparation of magnetic 
alloys with controlled composition and microstructure, optimization of milling 
techniques to obtain powders with fine grains and narrow size distribution. 
Design of magnets with improved magnetic performance, especially at higher 
temperatures is a key aspect along with magnet production route establishment 
on the laboratory scale.  
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The present work covers all the main steps for the magnet manufacturing process. 
Splat quenching is used to prepare small amounts of Ce-containing alloys with 
fine and homogeneous microstructure free of α-iron. Classic production route of 
sintered RE magnets has been adopted as the main fabrication technology. 
Alternatively, high-energy milling in a wet agent or in hydrogen and vacuum is 
implemented. Spark Plasma Sintering (SPS) is used as a consolidation alternative 
method for vacuum sintering. Nano-TiC powder addition to Nd-Fe-B powders is 
suggested to enhance the magnetic properties, Curie temperature and thermal 
stability. This could be considered as one of the main novelties and scientific 
achievements of the work.  
 
Splat quenching method for processing of small quantities of Ce-containing 
magnetic alloys is demonstrated. Cooling rate up to 105 K/s was achieved, an 
alloy with fine microstructure and free of α-iron was obtained. Quenching 
technique also resulted in a more homogeneous magnetic alloy with a lower Nd-
rich phase content present in the microstructure. The optimized parameters 
implementing HD and JM of Nd-Fe-B powders yielded the lowest average 
particle size of 2 µm. As compared to JM, high-energy milling in an attritor with 
hydrogen gas and vacuum resulted in a 0.3 µm average particle size and lower 
level of oxidation.  
 
Addition of nano-TiC to the RE magnets by mixing into hydrogen decrepitated 
strip cast powder was assessed. This processing step can be performed prior to 
jet milling by simple mixing, which offers new possibilities to tailor neodymium 
magnet properties in the sintering plant. Nano-TiC additions proved to result in 
improved magnetic properties, increased high temperature stability and higher 
Curie temperature. TiC particles are concentrated mainly intergranularly in the 
RE-rich phase and are almost unsolvable in the matrix. At as small concentrations 
as 0.1 wt.% of TiC, nanopowder leads already to a finer microstructure and 
decreased volume fraction of the nonmagnetic phase.  
 
The thesis includes the introduction and the literature review where the aims of 
the studies, basics of magnetism, processing of rare earth magnets, their 
characterization and recent trends in the field of RE magnets are presented 
(Chapter 1). Chapter 2 contains the experimental part that describes materials and 
technological parameters. The main part (Chapter 3) covers major results, 
followed by the discussion part. Chapter 4 provides the main conclusions and 
novelty of the PhD research. Approbation, acknowledgements and the abstract 
are presented after the references. The copies of the articles and the patent are 
attached to the appendices. 
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LIST OF ABBREVIATIONS, TERMS AND SYMBOLS 
 
Abbreviations 
ABM   High-energy attritor milling in hydrogen and vacuum 
BRP   Ball to powder ratio 
CIP  Cold Isostatic Pressing 
EBSD  Electron Backscattered Diffraction 
EDS/EDX    Energy Dispersive X-ray spectrometry 
fcc   face-centered cubic 
HD  Hydrogen Decrepitation 
HDDR   Hydrogenation, Disproportionation, Desorption and 

Recombination 
HEM   High-energy milling 
ICP-OES   Inductively Coupled Plasma Optical Emission Spectroscopy 
JM   Jet Mill 
MFM    Magnetic Force Microscopy 
PLP    Pressless processing 
PM   Permanent Magnet 
PPMS    Physical Property Measurement System 
RE    Rare-Earth 
REE    Rare-Earth element 
REM    Rare-Earth metal 
SC   Strip Cast 
SEM    Scanning Electron Microscopy 
SPS   Spark Plasma Sintering 
VSM    Vibrating Sample Magnetometry 
wt%    Weight percentage 
 
Terms 
BH curve – shows the relation between magnetic flux density and magnetic field 
strength for the material 
Curie temperature – temperature at which a ferromagnetic material becomes 
paramagnetic due to the loss of its magnetic properties 
Demagnetization – reduction of the magnetization in a permanent magnet 
Initial curve – initial magnetization curve reveals the coercivity mechanism 
Kerr spectroscopy – magneto-optical spectroscopy for the detection of the 
domains 
Magnetocrystalline anisotropy – directional dependence of the magnetic 
properties of the material 
Maximum operating temperature – maximum recommended temperature of 
operation for magnetic material 
MH (JH) curve – shows the relation between magnetization (magnetic 
polarization) and magnetic field strength for the material 
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Nd2Fe14B – hard magnetic phase of the Nd-Fe-B magnetic material (frequently 
signed as 2-14-1) 
Nd-Fe-B material – Neodymium Iron Boron magnet material 
Sm-Co material – Samarium cobalt magnet material 
Splat quenching – extremely rapid quenching of the molten alloy usually by 
pouring the melt onto a massive cooled copper plate 
 
α-iron – soft magnetic phase of iron, bcc structure 
 
Symbols 
BH(max)   Maximum energy product, kJ/m3 
Br   Remanence of permanent magnet, T 
Hci   Intrinsic coercivity of a permanent magnet, A/m (usually kA/m) 
Jr   Magnetic polarization, T 
Tc   Curie temperature, °C 
Tm   Maximum operating point, °C 
 
α   Temperature coefficient for the remanence, 1/°C 
β   Temperature coefficient for the coercivity, 1/°C 
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1. LITERATURE OVERVIEW 
 
This chapter provides a concise theoretical background of magnetic materials and 
processing of Nd-Fe-B magnets. Microstructure, phases, chemical composition 
and domain structure, methods of manufacture, applications and cost will be 
covered. A brief history of Nd-Fe-B compound development and recent trends in 
neodymium magnets will be presented. 

1.1. Introduction 
 
In 600 BC, Greek philosopher Aristophanes discovered that amber mineral 
rubbed with a fur starts to attract small pieces of light materials. For centuries, 
this strange effect remained a mystery until Dr William Gilbert’s discovery of 
magnetism and static electricity. He concluded that the Earth is magnetic and 
contains a centre of iron. He also detected that PM has always two poles and that 
the division of a PM results in smaller magnets. Later, Oersted proved that a 
magnetic field is generated also by an electric current passing through a conductor 
[4, 5]. 
In PM materials, the magnetic field arises from electrons circulating around the 
nucleus of an atom or the electron spins [6].  

1.2. Magnetic hysteresis 
 
Before discussing the magnetic materials it is essential to understand some of the 
core aspects in the interpretation of magnetic materials’ properties. These 
fundamentals are covered in brief in this chapter. 

1.2.1. Initial magnetization curve 
 
In coercivity mechanisms, nucleation or pinning can be determined from the 
shape of the initial magnetization curve (Fig. 1.1) [4]. In a nucleation mechanism, 
magnetization increases rapidly already at low fields. This shows the easy 
movement of domain walls as they are not pinned significantly (Fig. 1.1a, b). In 
the pinning type magnet (Fig. 1.1c), magnetization increases drastically only 
when the strength of applied field is close to coercivity. It corresponds to the 
trapped domain walls; therefore, the increase in magnetization with the increase 
of the field is slow [7]. Pinning centres could be defects, inhomogeneities or 
inclusions in the material [4]. Generally, in a magnetic material with Nd2Fe14B 
structure, the nucleation mechanism is dominating. Samarium cobalt PMs mainly 
show a pinning type coercivity mechanism [8].  
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Figure 1.1. Initial magnetization curves (a) nucteation type PM; (b) nucleation and 
pinning of walls at grain boundaries type PM; (c) pinning type PM [8]. 
 
Durst and Kronmuller [9] suggest that nucleation is dominating for Nd-Fe-B PMs 
at low temperatures, while pinning of domain walls at the grain boundaries starts 
to play an important role at higher temperatures. The changes in the magnetic 
field affect the domain structure. As illustrated in Fig. 1.2, domains turn along 
the direction of the applied field as the magnetic material approaches the 
saturation magnetization [10]. 
 

 
Figure 1.2. Stages of magnetization/demagnetization of the ferromagnetic material [10]. 

1.2.2. Hysteresis loop 
 
The hysteresis loop common for hard magnetic materials is presented in Fig. 1.3. 
The vertical axis corresponds to the magnetization of the PM, while the horizontal 
axis represents the applied external field. Before applying the magnetic field, 
material is not magnetized (H=0). Magnetization starts to increase immediately 
with the external field (0H in Fig. 1.3) and rises until achieving saturation (0M 
in Fig. 1.3). Decreasing the field after reaching the saturation magnetization will 
remain almost constant close to the saturation level (MH curve in Fig. 1.3). The 
magnetization at the zero field after the material were saturated is called 
remanence (0Mr in Fig. 1.3) of the PM.  
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Increasing the reverse field at the some point will initiate the demagnetization of 
the material. The value of magnetization of the PM becomes zero once the 
coercivity (MHc in Fig. 1.3) is reached. Reverse magnetization will start to 
increase once the coercive field is exceeded. At the saturation field the 
magnetization reaches its maximum.  
 

 
Figure 1.3. BH and MH loops [11]. 

 
Three fundamental features that describe PM performance are remanence Br, 
intrinsic coercivity Hci and maximum energy product (BH)max. Remanence 
determines the magnetic field generated by the magnetic material. Intrinsic 
coercivity characterizes the material’s resistivity to demagnetization. The grey 
rectangular marked in Fig. 1.3 represents the maximum energy product 
equivalent to the largest area that could be inscribed inside the BH curve.  Fig. 
1.4 shows evolution of the energy product of PM materials in the 20th century.  
The shape of the hysteresis loop is directly connected to experimental conditions, 
geometry of the sample and preparation aspects (processing steps). For that 
reason it is difficult to associate magnetization loop with a specific material. 
Despite the apparent impracticability of the magnetization loop connection to the 
material and interpretation without additional information concerning the 
experimental history and shape of the magnet, the loops are widely used to 
compare scalar values of the magnetization components and also describe the 
behavior of the material easily and conviniently [11]. 

BH curve 

MH curve 

Saturation 

Remanence 

Coercivity 

Energy 
product 
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Figure 1.4. Energy product evolution of different kinds of PMs [12]. 

1.3. Nd-Fe-B permanent magnets 
 
In the 1970s, the instability of Co supply and prices accelerated the search of new 
magnetic materials other than Sm-Co. In 1979, a Ukrainian researcher Kuzma 
reported the existence of the Nd-Fe-B compound [4]. Only four years later, 
Sagawa in Japan prepared a magnet with the chemical composition of 
Nd15Fe77B8. Powder metallurgy processing similar to Sm-Co magnets was 
adopted to produce a magnet with (BH)max 290 kJ/m3 [13]. At the same time, USA 
researchers Croat and Herbst developed melt-spun RE-Fe-B magnets with 
nanocrystalline structure; the same phase composition [14, 15] as reported by 
Sagawa. The tetragonal magnetic phase Nd2Fe14B was identified [16]. 
Since that time, continuous efforts have been made to enhance both the magnetic 
properties and the thermal stability and corrosion resistance of RE-based 
magnets. These characters can be reached by optimizing the microstructure and 
chemical composition of the magnets. 
Today China is the largest producer of Nd-Fe-B PMs in the world. Production 
amounts of both sintered and bonded magnets reach 95% of the total RE magnets 
production. The sales amounts of Nd-Fe-B magnets have a tendency to expand 
and other types of magnets decrease due to replacement by RE PMs [17, 18]. 

1.3.1. Methods of manufacture 
 
PMs based on Nd-Fe-B are widely used in many areas as these provide a strong 
magnetic field. Two mass production methods have been developed. The first is 
powder metallurgy to achieve anisotropic high-performance and fully dense PMs; 
the other is used to produce bonded magnets mainly from rapidly quenched 
materials and HDDR (hydrogenation, disproportionation, desorption and 
recombination) powders. Bonded magnets are mainly used in sensors and 
actuators for electrical equipment. Sintered Nd-Fe-B magnets are effectively 
implemented in demanding applications, such as power generators and motors 
for electric automobiles and other vehicles [19]. 
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1.3.2. Powder metallurgy technique 
 
Sintered Nd-Fe-B magnets are mass produced through a powder metallurgical 
process, as shown in Fig. 1.5. The production technique is well established and 
optimized by many industrial manufacturers.  
Generally, the production of a PM starts from melting of the elements like Nd, 
Pr, Dy, Fe or Fe-B in the induction furnace and ingot casting via book molding 
or strip casting (SC). Ingots are coarse crushed by the procedure called Hydrogen 
Decrepitation (HD). The following jet milling in the nitrogen flow disintegrates 
the powder to approximately 3…5 m. It guarantees that the powder consists of 
single grain particles. Fine powders are compacted in the presence of an external 
field to align and lock the grains. Green bodies are consolidated during sintering 
in vacuum or protective gas atmosphere at temperatures above 1000 °C. To 
improve the performance of the magnet post sintering heat treatment at 
temperature up to 900 °C is essential. Finally, the machining and surface 
treatment is performed. The last step in magnet production is magnetization.  
Each production step, except grinding, slicing and coating, has an impact on the 
final microstructure and properties of the magnet. The most influential 
manufacturing stages are casting, fine milling and sintering.  
Rapid cooling is advantageous to avoid the formation of α-iron dendrites during 
ingot casting [20]. Firstly, α-iron increases the toughness of the ingots and it is 
therefore more difficult to refine [4]. Secondly, the presence of the soft α-iron 
phase deteriorates the magnetic properties of the final product, as the chemical 
composition of the phases changes [21]. Presence of α-iron leads to formation of 
extra Nd-rich regions and other secondary phases hindering the maximization of 
hard phase forming.  Strip casting (SC), which allows higher cooling rates and 
results in a finer structure with homogeneous distribution of RE-rich phase, and 
addition of dopants, can effectively suppress the formation of an undesired soft 
iron phase [22, 23]. 
A major challenge for processing Nd-Fe-B powders is reactivity and easy 
oxidation of REEs. Milling the powders reduces the particle size, which makes 
these even more prone to oxidation. The final magnetic properties, especially 
coercivity, are influenced by the particle size and the total oxygen content in the 
magnet [24]. As a result, the Nd-Fe-B magnetic powders should be produced and 
handled carefully in a controlled environment. This increases the cost of the Nd-
Fe-B magnets. 
Oxidation is an issue also very important during sintering. It is beneficial to avoid 
any contamination as it is hardly possible to obtain fully dense magnets in an 
environment not sufficiently clean. Sintering temperature and post sintering heat 
treatment regime play an important role in the formation of microstructure and 
final magnetic properties. The sintering temperature should be high enough to 
liquefy the grain boundary, but not too high to prevent the grain growth [25]. 
Sintering regimes have been optimized for different chemical compositions of the 
magnetic materials. Usually, the sintering temperature is around 1080 °C while 
the RE phase starts to melt at about 650 °C. Heat treatment temperatures vary 
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between 500 °C and 950 °C. The heat treatment cycle is essential to optimize the 
microstructure, especially the morphology and content of intergranular RE-rich 
layers [26]. 
 

 
 

Figure 1.5. Production process of sintered Nd-Fe-B PMs. 
 
The importance of HD and compaction of green bodies should not be 
underestimated. HD allows us to exclude jaw and raw crushing steps and obtain 
fine powders that are very friable and easily refined in the jet mill [4].  
Oriented green compacts can be produced in a magnetic field either by parallel 
alignment and pressing, perpendicular alignment and pressing, isostatic or rubber 
isostatic pressing. Isostatic pressing normally results in a higher powder 
orientation. Pressing load should be sufficient to produce a green body strong 
enough to be handeled easily but not too high to avoid misorientation of the grains 
[4]. 

1.3.3. Bonded Neo magnets 
 
Conventionally, the rapid solidification process (strip casting) is adopted to 
prepare alloys in the form of strips or flakes for bonded Nd-Fe-B PMs. Thin 
structured flakes are ground to fine powders and heat treated to develop an 
appropriate microstructure and magnetic properties [14]. The other mode is 
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HDDR processing, which requires several heat treatments in hydrogen and 
vacuum to refine the structure and enhance the properties of PMs [27, 28].   
In bonded magnets magnetic particles are molded in a polymer matrix. 
Compression, injection [29] and extrusion [30] are used to fabricate bonded Nd-
Fe-B PMs.  
Both coercivity and remanence of the bonded magnets in comparison to sintered 
Nd-Fe-B PMs are lower (see Fig. 1.6). However, wider variety of shapes and 
lower cost makes the bonded magnets attractive for many applications [31]. 

Figure 1.6. Comparison of commercial PMs [29]. 

1.3.4. Microstructure 

Typical microstructures of sintered Nd-Fe-B PMs are shown in Fig. 1.7. The 
grains of the hard magnetic phase RE2Fe14B (grey) are surrounded with thin RE-
rich layers (white) at grain boundaries. RE oxides agglomerate in triple junctions 
[32]. Usually, a small amount of the B-rich phase is also present [33].  
The RE-rich phase is amorphous and non-magnetic. The hard magnetic phase 
grains are commonly 5-8 m in size, and the intergranular RE-rich layer is about 
1 nm in thickness [32]. The hard magnetic phase defines the magnetic behavior 
of the PM. The RE-rich regions determine mostly the coercivity of the magnetic 
materials.  

1.3.5. Soft and hard magnetic phases 

As stated in the previous chapter, remanent magnetization originates from the 
magnetization of the hard magnetic phase. The remanence of the PM could be 
increased with a higher content of the hard phase. Higher alignment ratio of the 
crystals also contributes to the remanence [2, 34]. Rapid solidification of the 
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magnetic alloy is required to obtain the hard phase, otherwise the possibility of 
formation of α-iron is high, especially in the materials with lower RE content. 
The iron phase is unbeneficial as it tends to deteriorate magnetic properties due 
to inefficient grains alignment and more drastic oxidation of the RE regions [35]. 
The results of the microstructure analysis of the Nd-Fe-B PMs indicate a relation 
between coercivity and morphology of the intergranular RE-rich layers [36]. The 
RE-rich grain boundary isolates the grains, thus enhancing the nucleation of the 
reversal domains and inhibiting the propagation of the magnetic reversal in the 
grains. 
Vial et. al. found positive influence from post sintering heat treatment on the 
coercivity of PMs [26]. The observation of the morphology of the RE-rich regions 
has shown the importance of the isolation between the grains for resistivity to 
demagnetization of the material [26]. In other words, the RE-rich layers should 
be continuous and thin to provide an enhanced coercive force (See Fig. 1.7a, b 
and c). The heat treatment (annealing) mainly dissolves the irregularities of the 
grain boundaries and defects disappear [26, 37].  
The combination of EBSD and EDX allowed Woodcock [38] to define the Nd-
rich phases in Dy-free magnet. Three different types of Nd-rich phases were 
identified: Nd2O3, NdO and fcc Nd-rich phase lean in oxygen. The investigations 
showed that the type of the Nd-rich phase depends on the total oxygen amount. 
The higher the oxygen content, the more Nd2O3 is present in PM. As it was stated 
earlier, the magnetic properties of the material decrease with the increased 
oxygen content. This issue is even of greater importance as the grain size 
decreases. The degradation of coercivity takes place when the critical grain size 
is achieved and the metallic Nd phase oxidizes actively to Nd oxides. The lack of 
Nd phase hinders the formation of continuous intergranular layers [39, 40]. 
Addition of Cu and Al improves the wettability of the grain boundaries and results 
in the formation of continuous RE-rich layers [41, 42].  
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Figure 1.7. SEM image of as sintered Nd-Fe-B PM (a); PM after optimized annealing (b) 
and non-optimized annealing (c) [26]. 

1.3.6. Chemical composition 
 
Additives and a dopants are usually intoduced to the Nd-Fe-B PMs to influence 
the properties of the materials. Commonly, these are added in order to increase 
the magnetization, coercivity, Curie temperature or magnetocrystalline 
anisotropy of the RE PMs. The influence of different additives investigated 
extensively, is summarized by Davies [25]. Most common additive elements and 
their effects on the microstructure and magnetic properties are displayed in Table 
1.1. 
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Table 1.1. Common additions and their influence on the microstructure and magnetic 
properties [25] 

 
 
In addition to classical and widely used dopants, numerous uncommon variations 
have been recently investigated. MgO and ZrO were reported to improve the 
remanence and corrosion resistance due to higher densification of the PM during 
the sintering process [43, 44]. Nano-Dy or nano-DyHx particles have been added, 
resulting in higher coercivity at lower Dy input [45, 46]. TiC or Ti with C 
influences positively the thermal stabilitiy of the magnetic material thanks to 
smaller and more homogeneous grain size enhancing the exchange coupling 
pinning field [47, 48, 49]. Combined addition of Dy2O3 and Zn increases the 
coercivity and thermal stability of nanocrystalline PMs prepared by the SPS 
method [50]. 
The most challenging and unbeneficial effect of the different additives is their 
positive influence on one particulate property that is accompanied with 
deterioration of another one. It is required to determine and consider the optimal 
conditions. 

1.3.7. Domain structure 
 

Domains are small magnetic regions in the grains of magnetic materials separated 
with domain or Bloch walls. In a non-magnetized state, the magnetization vectors 
on different domains are randomly oriented in a magnetic material. The total 
magnetization is zero. During magnetization, magnetic vectors of domains orient 
in the same direction [51]. Fig. 1.2 in section 1.2.1 presents schematically the 
change in domain orientation. 
Several methods have been found to observe magnetic domains – Kerr  and 
Lorentz  microscopy [52, 53, 54, 55], Magnetic Force Microscopy (MFM) [56]. 
These methods allow recognition of the domains only on the PM surface. 
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 The images obtained with Takezawa’s Kerr spectroscopy for the the thermally 
demagnetized PM allow us to see the presence of interaction domains of the hard 
phase. When the saturation is achieved, no iteration domains are visible and the 
material acts as a single domain material. The decreased coercivity of a sintered 
PM at high temperature is attributed to a decrease of the anisotropy and 
ineffective pinning of the domain walls at grain boundaries.  
A typical Kerr microscopy image is presented in Fig. 1.8. It represents the domain 
images with an external field of +14 and –14 kOe applied at room temparature 
along the magnetization axis. 
 

 
Figure 1.8. Domain images of RE PM at applied external fields: (a) +14 kOe; (b) +1.1 
kOe; (c) +0.8 kOe; (d) 0 kOe; (e) –1.4 kOe; (f) –7.2 kOe  [52]. 
 
MFM images provide information concerning the spike and reversal domains, 
defect regions and the nucleation area. It is possible to determine the domain wall 
width and domain wall energy for both surfaces perpendicular and parallel to the 
alignment axis. MFM technique allows demonstrating the influence of the defects 
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on the coercivity. Domain structure obtained with the MFM technique is 
presented in Fig. 1.9.  

Figure 1.9. Domain structure of sintered RE PM observed with MFM: (a) perpendicular 
to the alignment axis; (b) paraller to the axis. Upper and lower raws show original MFM 
images and enhanced MFM images, respectively [56]. 

1.3.8. Losses 

At room temperature, the magnetic properties of Nd-Fe-B PMs are superior in 
comparison to those of Sm-Co PMs. Magnetization starts to deteriorate with an 
increasing temperature and losses occur. The total loss includes reversible, 
irreversible and structural losses. The structural losses are irrecoverable [4]. 
If the critical temperature is not exceeded, losses will be reversible. The 
magnetization will recover once the temperature is decreased. These losses are 
usually characterized with temperature coefficients for both coercivity and 
remanence for the specific temperature range (for instance, between 20 °C and 
100 °C) [4, 19].  
Irreversible losses occur due to spontaneous demagnetization in some regions of 
the material. Irreversible losses are recoverable with the remagnetization of the 
PM. Due to additional corrosion, some extra non-recoverable losses may appear 
(structural losses) [19]. It can be concluded that recoverable losses mainly depend 
on the coercivity [57]. 
It is essential to control and predict the reversible losses of the material for an 
application design [58]. To avoid irreversible losses, the maximum operating 
temperature should not be reached or exceeded. If magnetic material oxidizes, in 
addition to recoverable losses, permanent structural losses will arise. 
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1.3.9. Long-term performance 
 
Stable characteristics of a PM material during its lifetime are important in 
selecting an appropriate material for different applications. Characterization of 
the long-term stability is difficult as the knowledge of this phenomenon is 
insufficient and testing is time consuming. Haavisto [59] assumes that for 
materials with a squarer MH demagnetization curve, losses are very small at 
temperatures even up to 130 °C and could be neglected. Once the temperature 
exceeds the critical temperature, significant losses occur. Generally, it is possible 
to estimate the critical temperature under which even after 30 years, the loss of 
polarization will not exceed 1%. The rounder the BH curve, the earlier the losses 
will occur and have a stronger effect on degradation. 

1.3.10. Thermal stability 
 

The magnetic behavior of the RE PMs is dependent to the temperature. The 
polarization and coercivity are decreasing with the increasing temperature. The 
critical temperature usually called maximum operating temperature Tm should not 
be exceeded. This will prevent the degradation of the PMs and possible failure of 
the assembly/machine. Generally, maximum operating temperature increases 
with the increase of Curie temperature TC that refers to the temperature at which 
the ferromagnetic material changes to a paramagnetic. The Curie temperature 
depends on coercivity. Commonly, higher coercive force results in higher 
temperature stability of the magnetic material. 
The thermal stability is usually characterized with a maximum operating 
temperature, Curie temperature and two temperature coefficients of the remanent 
polarization and the coercive field. 
For high temperature sintered Nd-Fe-B magnets, the heavy REE Dy is frequently 
added. Dy increases the coercivity and consequently has a positive impact on the 
thermal stability of the PMs. Due to Dy availability and high price it is beneficial 
to reduce the content of Dy in PMs. Recent approaches are targeted towards 
reduction of Dy content or its total substitution [60, 61, 62, 63].  

1.3.11. Corrosion resistance 
 
REMs belong to the group of highly reactive elements. Frequently, RE PMs are 
exposed to hot and humid environments. Under such conditions, in case the 
protective coating is damaged, the surface of the PM can be corroded and RE 
regions oxidized. The PM material will degrade and lose its magnetic properties. 
The reactivity of REMs is rapidly accelerated at higher temperatures [5]. 
To protect magnetic materials from corrosion, two methods have been applied. 
In the first technique, additives are introduced to influence the chemical 
composition and in the second, protective layers are deposited on the surface of 
the sintered PMs. Adding alloying elements often has a negative effect on the 



25 

magnetic properties of PMs. Therefore, corrosion resistance studies are mainly 
focused on the development of protective coatings [64]. 
Standard coatings include nickel, copper nickel and zinc plating, which however, 
often have insufficient adhesion on the surface [65]. Resulting from the analysis 
of magnetron sputtering of aluminum and cobalt based coatings, a higher anti-
corrosion effect was found [66, 64, 67]. 

1.4. Recent trends in Nd-Fe-B magnets 
 
The trends in the development of magnetic materials can be divided into three 
main categories. Firstly, to decrease the amount of heavy REMs so that 
competitive magnetic characteristics remain unchanged. Secondly, the aim is to 
improve the processing technology towards enhanced performance of the 
magnets and to reduce the costs. Thirdly, efforts are made to recycle the Nd-Fe-
B magnets, especially hard duty RE magnets with a high content of heavy REEs. 
All of these objectives are challenging. It is difficult to find an additive as useful 
and effective as Dy to improve the coercivity and consequently thermal stability 
of the sintered magnets. Secondly, most of the developed processing technologies 
tend to be uneconomical or unsuitable for mass production and thirdly, in regard 
to recycling, the most difficult part at present is to collect and separate the 
magnetic scrap prior to the reprocess cycle. 
Although remanence and maximum energy product of the magnets reach over 
90% of the maximum theoretical values, the coercivity a lot of potential to be 
improved [1]. The grain refinement is one possibility to enhance the coercive 
force, while the grain boundary diffusion is the other [20, 68, 69, 70]. As the main 
effort is aimed to avoid or minimize the use of heavy REEs, especially Dy, it is 
reasonable to enrich only grain boundaries with Dy, instead of the whole 
Nd2Fe14B grain. The diffusion method allows producing only thin magnets [68]. 
Addition of several percent nano-Dy particles results in a positive effect on the 
magnetic properties comparable to 10% of micron sized Dy powder addition as 
nano-Dy segregates along the grain boundaries [45, 71]. High-speed jet milling 
in helium and the following PLP processing was developed by Sagawa, allowing 
to obtain Dy-free magnets with a remarkable improvement of coercivity [72]. 
Recycling of the PMs is attracting increasing attention as there is no competitive 
and nature friendly technique to reprocess and reuse the RE based magnets. In 
most cases, devices containing magnets are not separated but recycled together 
with steel scrap. The most recent methods proposed for reprocessing the magnetic 
materials are HD, HDDR and hydrometallurgical methods [73, 74, 75]. It is 
possible to either manufacture recycled PMs or recover REMs [76, 77, 78]. 

1.5. Aims of the work 
 
After 30 years of Nd-Fe-B magnets use in computers (hard drive magnets), in the 
field of healthcare (MRI, orthopedics), automotive (sensors, small motors, ABS 
systems, etc.) and audio applications (headphones, loudspeakers, microphones), 
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their utilization turns more and more to high temperature applications such as  
wind generators, wave power and larger motors for electric vehicles. In a long-
term perspective, in addition to magnet performance, the availability and price of 
the critical RE metals (Nd, Dy) has a strong impact on development of both the 
magnetic materials and power industries.  
 
The general goal of this PhD research is to reduce the use of critical RE metals in 
high-performance magnets without compromising magnetic properties or 
temperature stability of the material.  
 
The main target is to develop advanced permanent magnet materials based on the 
Nd-Fe-B system. 
 
The main objectives of the research are: 

 To develop and produce magnetic alloys with controlled composition and 
microstructure by substituting partially Nd, Pr with a less critical RE 
metal; 

 To develop a set of methods and procedures for obtaining fine and ultra-
fine grained Nd-Fe-B powders with high purity (low level of 
contaminants – oxygen and α-iron); 

 To develop novel micro-alloying techniques for Nd-Fe-B magnets and 
thus improve the performance at high operating temperatures and reduce 
the consumption of heavy RE metals (Dy, Tb). 

 
The  following challenges were overcome and mastered throughout the work: 

 Processing of RE magnets on the laboratory scale; 
 Characterization of microstructure, phase analysis; 
 Evaluation of magnetic properties; 
 Control over impurities during laboratory scale processing;  
 Partial substitution of Nd, Pr with other RE; 
 Improvement of thermal stability without using heavy REEs; 
 Applying a new technique for preparing PMs, including novel hydrogen-

vacuum milling and rapid sintering by SPS. 

1.6. Structure of the work 
 
Fig. 1.10 represents the structure of the research. The thesis contains four parts.  
The first part reveals the challenges in the preparation of magnetic alloys (Paper 
I). The next two parts focus on powder preparation as it is one of the most 
important steps of PM production and has a significant influence on the final 
properties (Paper II and III). Then, thermal stability and performance of PMs at 
higher temperatures via introducing nano-TiC particles into PM material are 
analyzed (Paper IV). The additional parts not shown in Fig. 1.10 address the 
results of the study of fine-grained SPSed PMs and the optimization study of jet 
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milling. These publications are not attached to the current thesis, however are 
used in the body part of the work. 
 

 
Figure 1.10. Structure of the thesis. 
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2. EXPERIMENTAL 
 
This chapter describes starting materials and procedures that were used to process 
the magnets, from alloy preparation and finishing with the characterization of the 
sintered samples. The chapter is divided into three sections. First, the materials 
used in this study and their chemical composition are described; second, main 
processing parameters for the magnet materials are presented; third,  the samples 
are characterized. 

2.1. Materials 
 
The experimental magnets were produced mainly from the materials supplied by 
Molycorp Silmet AS and Neorem Magnets Oy. The research is based partly on 
book molded alloys, partly on strip casted (SC) alloys and also on alloys produced 
by splat-quenching method of mixtures of elemental Fe, Nd, Al powders and 
master alloys FeB, NdFe, NdPrFe, CeFe and DyFe (supplied by Molycorp Silmet 
AS). Images and microstructures of different raw materials are shown in Fig. 2.1. 
Some experimental chemical compositions prepared in Tallinn University of 
Technology are presented in Table 2.1.  
 

 

a b 

c 
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Figure 2.1. Raw materials: (a) book molded alloy; (b) SC material; (c) splat-quenched 
alloy and  microstructures of book molded alloy (d);  splat quenched material (e). 
 
Book molded ingot is about 10...15 mm thick. The thickness of the SC flakes is 
about 0.3...0.5 mm and that of the splat quenched alloy 0.3...4 mm. It can be seen 
in Fig. 2.1 d and e that the splat-quenched material has finer and more 
homogeneous structure than the book molded material. Microstructure of SC 
alloy is similar to that of the splat-quenched material (Fig. 2.1e).  
 
Table 2.1. Chemical compositions of experimental alloys prepared by the splat-quenching 
technique 

Designation 
Element, wt% 

Nd Pr Dy Ce B Al Nb Fe 
A40(Paper I) 22.00 1.80 1.00 8.30 1.20 0.45 0.30 bal 

M1 29.34 2.34 1.32 - 1.20 0.45 0.30 bal 
M2 32.50 - - - 1.20 0.20 - bal 
M3 32.50 - - - 1.20 - 0.20 bal 
M4 32.20 2.80 - - 1.20 - - bal 

 

2.2. NdFeB magnets preparation route 
 
The block diagram of the preparation process is presented in Fig. 2.2. The classic 
powder metallurgy route, including a jet mill with high pressure nitrogen gas, 
external field orientation and vacuum sintering processes, shown as realized in 
most of the production units, was established on the laboratory scale. The study 
also analyzed alternative techniques like high-energy ball milling with addition 
of heptane as a wet agent, dry high-energy attritor milling with hydrogen and 
vacuum for powder refinement and the following spark plasma sintering (SPS) 
for samples consolidation. Sections 2.2.1 - 2.2.7 describe each preparation step 
in detail. 

d e 



30 

 
Figure 2.2. Production processes of Nd-Fe-B magnets on the laboratory scale.  
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2.2.1. Casting of ingots 
 
A laboratory scale magnets preparation line was built up. Centrifugal casting unit 
Lifumat Met 3.3 Vac (Linn GmbH) was used for the splat quenching experiments 
(see Fig. 2.3). Starting materials (master alloys) were crushed and premix was 
placed into the tantalum crucible. The mixture was heated under vacuum (10-2 
mBar) up to 1250 °C within few minutes and held for 5…10 s. Casting was 
performed into experimental copper mold at the rotating speed of 600 min-1 
[Paper I]. 
 

 
Figure 2.3. Ingot cast: (a) casting unit used for splat quenching experiments; (b) casting 
arm [79]. 
 
The initial experimental quenching of Nd-Fe-B melt was realized onto a copper 
disc with a thickness of 5 mm. A sketch of the initial casting mold is shown in 
Fig. 2.4 a.  
The cooling rate was not high enough to provide the formation of the required 
microstructure in the alloy material. In order to decrease the solidified Nd-Fe-B 
plate thickness (thus increasing the cooling rate), an improved cooling cell was 
designed. The modified cooling cell is presented in Fig. 2.4 b. The developed 
mold has a cone shape insert, which first directs the melt towards the outer walls 
at the angle of 45° (see Fig. 2.4 b). The melt is collected at the thin gap (marked 
with a in Fig. 2.4 b) between the inner copper insert and the outer copper cylinder 
[Paper I].  
 

a b 

Mold 

Crucible 
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Figure 2.4. Sketch of the centrifugal cast mold design: (a) initial design; (b) modified 
design. Melt flow is shown with black arrows [Paper I]. 

2.2.2. Crushing and powder milling 
 
Cast ingots were crushed and processed by the hydrogen decrepitation (HD) 
technique to fine powders (average particle size less than 400 m) at room 
temperature for 2...3 h. Further refinement consisted of conventional high-energy 
ball milling with addition of wet agent [Paper II], dry high-energy attritor milling 
in hydrogen and vacuum [Paper III] or jet milling in nitrogen flow [80]. At 
powder refinement in the attritor filled with hydrogen, raw SC flakes were loaded 
into the vessel and no hydrogen decrepitation was performed. 

2.2.3. High energy wet milling 
 
For ball milling, a 500 ml attritor was used. Milling time varied between 1 and 4 
h. Heptane was added as a wet agent to limit the powder oxidation. The solvent 
was mixed  with 20 g of HD powder with the weight ratios of 1:1 and 5:1. The 
weight ratios of the WC-Co balls to the powders were 5:1 and 10:1. Rotational 
speed of the attritor varied from 500 to 850 rpm. Refined powders were dried in 
a vacuum exicator prior to further processing. The attritor used is demonstrated 
in Fig. 2.5 [Paper II].  
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Figure 2.5.  High energy attritor. 

2.2.4. Dry milling in jet mill with nitrogen gas 
 
Nitrogen flow milling was performed by spiral jet mill MC 44 IR-BD 
(Micromazinacione SA). The mill was coupled with a pneumatic powder feeder 
P&S IMPAKT-2C (Powder and Surface GmbH), which allows fully closed-
circuit operation (see Fig. 2.6 a and b). The working principle of the powder 
feeder is based on material transfer by pneumatic pulses (Fig. 2.7). In addition to 
the ability of grinding gas pressure adjustment, the feed gas pressure and also 
vacuum pump pressure can be varied.  
Vacuum pump pressure influences directly the feed rate (keeping the speed of the 
particles constant). Within aspiration time limits (pulse duration), the powder 
feed gas flow rate has no influence on the feed rate but it mainly changes the 
particle speed injected to the milling chamber. The gas jet stream inside the mill 
has a certain "stability" threshold and it needs some minimum kinetic energy of 
the particles to come inside the highly turbulent jet area.  
Experiments were designed to vary feed gas pressures between 1 and 5 bar and 
change the speed of the particles, entering the mill chamber varying vacuum 
pump pressures between 1 and 4 bar in order to analyze their influence on the 
final particle size and the feed rate of the powders. Grinding gas was kept constant 
at the level of 7 bars [80].  
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Figure 2.6. Equipment for powder refinement: (a) laboratory scale JM (1) with feeder 
(2), powder container (3) and controller (4); (b) JM inner (milling) chamber with top cap 
removed (5), grinding gas inlet (6), feed gas with powder inlet (7). 
 

 
Figure 2.7. Working principle of a pneumatic feeder (feeder shown under 2 in Fig. 2.6a) 
[81]. 
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2.2.5. High energy milling in hydrogen and vacuum 
 
The high energy attritor for milling in different atmospheres, including hydrogen 
gas and vacuum, was designed and constructed (see Fig. 2.8). First, the SC flakes 
and balls were placed inside the milling chamber and the whole system was 
slowly evacuated to 10-3 mbar vacuum. Then, the attritor was filled with 
hydrogen, keeping the end pressure at 0.3 bar. The pressure was kept constant 
while hydrogen was reacting with the powder during milling. The scheme of 
milling consisted of 600 s of dry attritor milling (mill size 2000 mL) with steel 
balls in hydrogen atmosphere, followed by vacuum milling for 300 s (Fig. 2.9). 
The weight ratio of the balls to 25 g of the SC flakes was 20:1. [Paper III]. 
 

 
Figure 2.8. Attritor for dry milling in hydrogen and vacuum. 

 
Figure 2.9. Milling sequence. 
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2.2.6. Orientation, pressing and sintering 
 
The green compacts were aligned by homogeneous external magnetic field 
generated in 2T coil (designed by Prizztech Oy) and compacted by Cold Isostatic 
Pressing (CIP) in a rubber mold at a pressure of 100 MPa. Samples with a 
diameter of 10 mm and height of 5 mm were sintered in high vacuum of at least 
10-5 mbar for 1…4 h at the temperature range of 1000…1150 °C. Sintering was 
performed in a stainless steel capsule inserted into the tube furnace (see Fig. 
2.10). Sintered magnets were slowly cooled down to room temperature with the 
furnace in about 3 h [Paper IV]. 
 

 
Figure 2.10. Equipment for consolidation: tube furnace with a degassing unit; sintering 
capsule inserted. 
 
At SPS processing, refined materials were filled into a hardmetal mold and 
sintered under vacuum of 10-2 mbar in a SPS furnace (FCT Systeme GmbH). 
Sintering temperature was 800 °C, holding time 300 s and heating rate 25 °C 
/min. Pressure of 50 MPa was kept constant during heating and sintering.  
The temperature of the sample was measured by a thermocouple placed close to 
the surface of the mold cavity. After the sintering cycle, the pressure was released 
and sample cooled to room temperature within 600 s [82]. 

2.2.7. Protection from oxidation and magnetization 
 
All samples were sprayed with zinc paint to protect them from oxidation. No 
grinding, machining or slicing was performed. The magnetization was realized in 
ABB AS with a 14 T external field pulsed magnetizer [Paper IV].  

2.3. Characterization of powders and materials 
 
Here only most important analyses or the analyses that are not very common and 
standard for magnetic materials are described in detail. The most widely used 

Capsule 

Degasser 
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methods like SEM, EDS, X-ray diffraction, ICP-OES will not be covered. In 
papers I-IV, all the essential information is provided in detail. 

2.3.1. Magnetic properties 
 
The magnetic properties of the samples at room temperature were measured using 
a vibrating sample magnetometer (VSM) installed either in Quantum Design 
Physical Property Measurement System  (PPMS) or in Cryogenic Limited 
HTVSM 700 system. Both of them offer a maximum field of 14 T.  
High temperature measurements were conducted by a High Temperature VSM 
Module installed in the Cryogenic system that allows a maximum temperature of 
425 °C. Fig. 2.11 shows an example of JH and BH curves measured for 
commercial magnet by PPMS at room temperature. The graph is followed by 
Table 2.2, showing the measured magnetic properties in comparison to values 
given by the producer.  
 

 
Figure 2.11. 2nd quadrant of JH and BH curves measured at room temperature by 
PPMS. 

 
Table 2.2. Magnetic properties measured at room temperatures (commercial magnet) 

Designation Hcj, kA/m (20 °C) Hcb, kA/m (20 °C) Br, T (20 °C) 
VSM-PPMS 2132 845 1.11 

VSM-Cryogenic 2091 - 1.10 
Producer provided 2100 810 1.08 

 

2.3.2. Determination of light impurities 
 
The content of light impurities, especially oxygen, significantly influences 
magnetic properties of sintered permanent magnets. It is unreasonable to 
introduce oxygen and moisture to magnetic materials while processing. The most 
critical production stage is the powder refinemen,t because with increased surface 
area of the particles, it is more challenging to keep the oxygen level low. In 
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commercial magnets, oxygen content is about 1000...1200 ppm. Neither should 
carbon, nitrogen and hydrogen predominate in sintered magnets.  
In this work, total contents of oxygen and other light impurities (if necessary) 
were measured using infrared (IR) spectrometers Eltra CS800 and Eltra 
ONH2000. The procedure is as follows: a sample (powdered or bulk) is weighed 
and loaded into carbon or ceramic crucible or sample drop mechanism; the 
crucible is outgassed to reduce the possible contamination; the sample is 
evaporated, mixed with carrier gas and the mixture of the sample and carrier 
gasses are directed through catalysts into infrared/thermal conductivity cells to 
detect the content of the element. According to the measured element 
concentration in IR cell/thermal conductivy cell and sample weight, the total 
weight percentage of the oxygen, for instance, is calculated [83]. The scheme of 
the oxygen analyzer is shown in Fig. 2.12. 
Many measurements were conducted to establish the magnets processing routine 
on the laboratory scale. Oxygen content was measured after each step to find out 
“bottlenecks“ to improve the system. One of the challenges was the very small 
amount of the material under processing and a higher possibility for oxidation as 
a consequence. In Table 2.3, several examples of oxygen, carbon, nitrogen and 
hydrogen measurements are shown. 
 

 
Figure 2.12. Working scheme of the Eltra ONH-2000 analyzer [83]. 
 
Table 2.3. Content of light impurities in powders and sintered magnets 

Designation Description 
Impurity content 

O,  
wt% 

C,  
wt% 

N,  
ppm 

H,  
ppm 

Commercial PM 1 sintered, bulk 0.12 0.13 882 76 
Commercial PM 2 sintered, bulk 0.14 0.13 400 - 

Alloy book molded, bulk 0.08 0.12 65 30 

HD powder 1 
hydrogen decrepitated 

powder 
0.09 - - - 

JM powder jet milled powder 0.20 - 414 - 
Sintered PM sintered, bulk 0.22 0.12 689 - 

HD powder 2 
hydrogen milled 

powder 
0.11 - - - 

SPSed PM 
consolidated by spark 
plasma sintering, bulk 

0.19 0.13 346 2472 
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2.3.3. Characterization of particle and grain size 
 
Besides impurities in the chemical composition of permanent magnets, particle 
size of the starting powder and grain size of the sintered magnets are very 
important. To obtain competitive magnetic properties, the grain size of the 
powder should be equivalent or close to a single domain size. Even more 
important is the grain size distribution. It is crucial to produce powders with 
narrow distribution to maximize the properties. Grain growth during sintering is 
not beneficial. Commercial magnets have particle sizes in the range of 3...5 m. 
At the beginning of the study, a film scanner was used to characterize the particle 
size. The drawback of the method was the resolution of the machine. Also, laser 
particle sizer Analysette 22 (Fritsch) was used. This technique required 
preparation of the suspension in ethanol. As the magnetic powders were 
agglomerated, the results were inaccurate.  
The most suitable technique for measuring particle and grain size proved to be 
the statistical analysis of SEM micrographs with ImageJ software. Theoretically, 
particles or grains should have a circular shape to obtain the highest quality 
results. The software provides the area occupied by the particle on the micrograph 
and the diameter can be calculated. With non-round particles, the result is 
calculated under the estimation that the particle is a circle. As a result, the length 
of the particle inscribed in a circle rather than the diameter is calculated. An 
uncertainty occurs but it is not drastic. The analysis made using ImageJ software 
is exemplified below (Fig. 2.13, Table 2.4). Figure 2.13a shows the appropriate 
SEM scan of the magnet surface to be processed and analysed. B part of the 
Figure 2.13 displays modified picture of the same SEM scan prepared for the 
analysis with ImageJ. 
 

 

a 
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Figure 2.13. Analysis for sintered magnet made with ImageJ software: a) appropriate 

SEM scan of the magnet surface; b) processed SEM scan, ready for analysis with 
ImageJ software 

 
Table 2.4. Results from the analyses made with ImageJ 

Designation 
Particle/grain size, 

m 
Powder 1 1.2 
Powder 2 3.3 
Powder 3 6.8 

NdFeB PM 8.0 
NdFeB+1 %TiC PM 6.5 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

b 
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3. TECHNOLOGY, STRUCTURE AND PROPERTIES 
OF PMs 

It was shown in the analysis of recent trends in PM materials based on Nd-Fe-B 
in section 1.4 that the refinement of the grains and changing the chemical 
composition influence substantially the resulting properties of PMs. Next,    the 
main achievements of this work will be covered in brief. The replacement of 
REEs (Nd, Pr, Dy) with Ce and nano-TiC, powder refinement in a high energy 
attritor with a wet agent, hydrogen and vacuum, and in a jet mill are addressed. 
Also, the SPS method for consolidation as an alternative method for vacuum 
sintering and following annealing is discussed. 

3.1. Nd and Pr substitution with Ce 
 
The RE-Fe-B alloy where Nd and Pr are partially substituted with Ce was studied 
to obtain a microstructure free of α-iron with an optimized phase composition. 
One possibility to avoid α-iron is to introduce a higher content of RE elements. 
Another route to terminate the α-iron evolvement is a rapid solidification.  
According to the experimental results, the cooling rate should be higher than 103 
°C/s to achieve an α-iron free material. Alloys with thicknesses of 0.3, 0.6, 0.9 
and 4 mm were prepared. The cooling rates of the casts were calculated to be 
equal to 2·105, 5·104, 2·104 and 1·103 °C/s, correspondingly. 
Fig. 3.1 shows the microstructure of a 4 mm thick sample with an estimated 
cooling rate of 103 °C/s [Paper I].  
 

 
Figure 3.1. Micrograph of the cast ingot with alpha iron formed: a) rapid cooling area 
that was in contact with the mold; b) area with slower cooling; α-iron areas are shown 
by dashed circles [Paper I]. 
 

ab 
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Due to relatively slow solidification of the melt, a considerable amount of α-iron 
was observed, starting from around 100 m from the contact surface (area b in 
Fig. 3.1). The α-iron in NdFeB magnets hinders grain alignment and creates Nd-
rich regions, which are extremely susceptible to oxidation and therefore magnet 
degradation. Close-up of the undesired microstructure is shown in Fig. 3.2. 
Nominations A and B denote the α-iron and oxidation areas, respectively. 
It was predicted theoretically that  up to 2 mm thick casts with  α-iron free 
microstructure can be produced and a batch size up to 7…8 g with the 
experimental setup can be increased. For a 0.9 mm thick alloy, the yield is less 
than 2 g. (For more details see Paper I) 
The micrographs of 0.3-0.9 mm thick cast alloys are shown in Fig. 3.3. No α-iron 
was observed. It is clearly seen that the higher the quenching rate, the finer the 
microstructure features and the more homogenous the mixture of phases is. The 
thicknesses of the dendrites (hard phase thickness) vary between 1.08 mm for 0.3 
mm alloy and 1.78 mm for 0.9 mm alloy. The thicknesses of dendrite arms (RE-
rich phase thickness) are 0.35 and 0.43 mm for 0.3 mm and 0.9 mm alloys, 
respectively. Also, the contents of hard and soft magnetic phases were calculated. 
As a renegal rule, the higher the cooling rate, the lower is the content of soft 
magnetic phase. (More information can be found in Paper I.) 
 

 
Figure 3.2. Undesired microstructure of the alloy: (A) α-iron; (B) signs of oxidation. 
 
In contrast, SC provides a uniform and α-iron- free dendritic microstructure of 
the strips with the thickness of 0.2…0.3 mm, hard phase thickness of 4...6 m 
and RE-rich phase thickness up to 0.5 m [36, 26]. In the alloys containing Ce, 
α-iron dendrites form more easily due to the lower melting point of Ce-Fe-B 
phase [84]. 
Generally, PMs prepared from Ce-containing alloys cannot compete with Nd-Fe-
B PMs in terms of magnetic properties as the anisotropy of the Ce-Fe-B 
compound is lower [85]. However, Ce can be a suitable alternative to substitute 
REEs like Nd and Pr and implement more abundant REM in the manufacturing 
of cheaper magnetic materials for applications where extremely high magnetic 
characteristics are not required.  

A

B
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Figure 1.6 in section 1.3.3 compares the bonded and the sintered Nd-Fe-B. There 
is a gap in the performance between these two types of PMs, and REEs 
replacement to Ce has a potential to fill it.  
 

 

 
Figure 3.3. Microstructures of the alloys: (a) 0.3 mm, (b) 0.6 mm and (c) 0.9 mm; (H) - 
hard phase, (RE) – RE-rich phase [Paper I]. 

3.2. Preparation of the powders 

3.2.1. High-energy ball milling in wet agent 
 
As an alternative to jet milling (see section 3.2.2 for more details),  to optimize 
and conduct a preliminary research for the novel ball milling method, the 
experiments of high-energy milling in wet agent were conducted, using hydrogen 
and vacuum (see section 3.2.3). 
Table 3.1 presents the average particle sizes of the milled powders before the 
hydrogen desorption according to the input parameters. Final particle sizes vary 
between 1.2 and 22.5 m. The morphology of the finest powder is shown in Fig. 
3.4. No direct influence of specific parameters can be seen, except for a lower 
milling speed that yields the largest particle sizes. The particle shapes after 
milling are angular. 
The influence of the milling on grain refinement and phase structure can be 
separated to two effects – the number of impacts and the kinetic energy of a single 
impact. As the amount of powder in this study was not varied, the number of 
impacts at a certain speed of milling can be assumed to be directly related to the 

a b 

c 

RE 

H 
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number of balls in the vessel. This was 38 and 72, for BPR of 5:1 and 10:1, 
respectively. Additionally, the number of impacts is influenced by the milling 
time and speed of rotation. Different process variables were evaluated according 
to the estimated total number of the impacts. The speed, BPR and wet agent 
combined with speed and time showed the highest influence. (For more details 
check Paper II.) 
 
Table 3.1. High-energy milling parameters and final particle sizes of the powders[Paper 
II] 

Designation BRP Wet agent, ml Time, h Speed, min-1 Particle size, m 
N1 10:1 100 4 850 3.0 
N2 10:1 25 4 850 1.2 
N3 10:1 100 1 500 5.0 
N4 10:1 100 4 500 8.0 
N5 10:1 25 1 850 2.3 
N6 5:1 100 1 850 2.2 
N7 5:1 25 4 850 5.1 
N8 5:1 100 4 850 2.4 
N9 10:1 25 1 500 4.5 
N10 5:1 25 1 500 13.3 
N11 5:1 100 1 500 22.5 
N12 5:1 25 4 500 4.8 

 

 
Figure 3.4. Morphology of HD attritor milled powder [Paper II]. 

 
The results of average particle sizes of milled powders according to the number 
of impacts are shown in Fig. 3.5. Higher impact energies (due to higher milling 
speed – 850 min-1) always yield more refined particles as compared to materials 
processed with lower impact energies. When milling at 500 rpm, the smallest 
particle size is at around 5 m, at approximately one million of impacts. Increased 
particle size can be observed for materials milled for longer periods. The reason 
for increased particle size is not well understood, but it could relate to the welding 
of the particles. 
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When milling at higher input energies, the particle size is always less than 5 m. 
It seems that balance between fracture and welding during milling is achieved 
already after 1 hour of milling. The smallest particle size, 1.2 m, was obtained 
at the highest number of impacts. Powders N1 and N2 (Fig. 3.5) yield high 
content of α- Fe after the heat treatment. Regarding undesired α-phase, the milling 
should be performed under small impact energies and small number of impacts. 
In this regard, material N3 (Fig. 3.5) is the most promising of the studied alloy-
powders [Paper II]. 

 
Figure 3.5. Average particle size vs estimated total number of impacts during the milling 
process [Paper II]. 
 
To sum up, attritor milling with wet agent allows us to prepare fine powders of 
1.2 m  in size at prolonged milling times and at a high number of impacts. 
However, to obtain the powders with acceptable quality, the number of impacts 
should be kept low and in this case, the powders with the maximum particle size  
of 5 m can be prepared. 

3.2.2. Jet milling in nitrogen gas flow 
 
JM with nitrogen has become a classical way for magnetic powders refinement, 
as the method allows suppressing the contamination and broadening of the 
particle size distribution (See section 1.3.2). However, within the JM processing 
it is difficult to produce pure powders with the particle size below a certain size 
as the rapid oxidation occurs and degradation of the magnetic properties starts 
[40]. 
In the study, the jet mill coupled with a pneumatic feeder was used. To influence 
the particle size of the powders, in addition to grinding gas pressure, feed gas and 
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pump supply pressures can be changed. In this study, grinding gas was kept at a 
maximum possible level [80].   
As a result, varying the feed gas pressure between 1…5 bar, the feed rate of the 
powder changes between 1…5 g/min. Under constant feed gas, when the speed 
of the particles entering the mill is changing, the feed rate is regularly stable. This 
means that pump supply pressure has no significant influence on the feed rate. 
On the contrary, when it comes to the particle size, the pump supply pressure that 
is in direct correlation with the speed of flowing particles has a significant 
influence on the final powder particle size (See Fig. 3.6 a). The results show that 
it is important to keep the speed of particle entering the milling chamber as low 
as possible if fine grain size is required. Additionally, the feed gas flow rate 
influences the particle size as well. In this case, the relation between the particle 
size and the feed gas pressure is linear (See Fig. 3.6 b). In other words, lower feed 
gas results in finer powder. The microstructure of the jet milled powder with an 
average particle size of 2.0 µm is shown in Fig. 3.7. Thus, with JM in nitrogen it 
is possible to obtain fine powders of 2 m in size and oxygen content less than 
0.2 wt%. However, in most experiments conducted in TUT Powder Metallurgy 
Laboratory, the particle size was kept in the range of 6…8 m, as the amounts of 
the materials used were too small and oxidation had a greater impact [80].  
 

 
Figure 3.6. Variation of particle size: (a) with pump supply pressure, (b) with feed gas 
pressure. Marked points are chosen sample/powders for the chemical analysis described 
in [80]. 
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Figure 3.7. The morphology of the powder refined in nitrogen gas flow [80]. 

3.2.3. High-energy dry milling in hydrogen gas and vacuum 
 
The invented high-energy attritor is intended for synthesis of powder materials, 
whereas milling of the powders and subsequent handling and consolidation is 
performed under vacuum atmosphere. The high-energy attritor milling (ABM) 
method allows reduction of contamination of highly reactive materials, especially 
with oxygen. The method is applicable for fine pulverizing of easily oxidizing 
powder materials, like magnet alloys, light metals or ceramic-metal composites 
and making bulk products from thereof. Sketches of the designed attritor and 
powder transportation unit can be found in Figs. 1 and 2 in [Paper III]. 
Morphology of the powder obtained by ABM in subsequent hydrogen and 
vacuum milling is shown in Fig. 3.8. Generally, refined powder is relatively 
homogeneous. The average particle size is 0.3 m. Particles up to 1 m were 
observed. Oxygen concentration after ABM did not exceed 0.11 wt%. Thus,  
powders refined in hydrogen and subsequently in vacuum resulted in lower 
oxidation level with much finer particles [Paper III]. The absence of jaw crushing 
or HD processing gives an additional advantange to ABM (See section 2.2.2). 
 

 
Figure 3.8. Morphology of the powder milled by ABM [82]. 
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3.3. Substitution of Dy with nano-TiC 
 
Commonly, Dy or Co is added into RE magnetic materials to enhance the thermal 
characteristics, as mentioned in section 1.3.6. In the study presented in Paper IV, 
TiC nanoparticles were added prior to jet milling into sintered Nd-Fe-B magnets 
to improve the Curie temperature and the thermal stability. Nano-TiC powder 
with an average particle size of 20 nm (weighing from 0.1 to 5.0 wt%) was 
introduced to the HD powder before feeding it into the JM.  
The analysis of the XRD patterns showed single low intensity peaks 
corresponding to the TiC phase that were observed at approximately 2Θ = 36 ° 
and 61° for the samples with higher dopant content (1 and 2 wt%). The single 
peaks not defined by Nd2Fe14B and TiC phases were observed at 2Θ = 27 °, 30 ° 
and 52 °. Most probably, the other single peaks correspond to the RE-rich phase 
at 2Θ = 27 ° and TiB2 minor phase with a maximum peak at 2Θ = 52 ° (see Fig. 
3.9).  
 

 
Figure 3.9. X-ray patterns of 0.5, 1 and 2 wt% nano-TiC sintered PMs [Paper IV]. 

 
The lattice parameters of the refined hard magnetic phase remained practically 
unchanged with increasing carbide concentration. This indicates that the hard 
magnetic phase undoped with TiC and carbide particles behaves as an inclusion 
between the grains and in the RE-rich phase regions. Also, TiC does not 
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decompose during the processing and acts as a grain refinement agent in the RE-
rich phase.  
SEM images of the initial and 1 wt% nano-TiC containing sample are shown in 
Fig. 3.10 a, b and c, respectively and EDS mapping of a magnet with 1 wt% nano-
TiC in Fig. 3.10 d. It can be seen that Ti is concentrated mostly in the RE-rich 
phase (Fig. 3.10 c). 
TiC-free samples have a coarser structure with an average grain size of about 8 
m (Fig. 3.10 a), whereas addition of 1wt% nano-TiC results in a finer structure 
with an average grain size of about 6.5 m (Fig. 3.10 b). The proposed 
mechanism of microstructure development is illustrated in Fig. 3.11. The grain 
refinement can be explained with the effect of nano-TiC particles acting as grain 
growth inhibitors. (Supplementary data can be found in Paper IV.) 
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Figure 3.10. Microstructure: a) SEM image of initial sintered magnet without TiC; b) 
sample with 1wt % of TiC; c) sample with 1 wt% of TiC, TiC particles are visible; d) 

EDS mapping for Ti, Nd, Fe and O [Paper IV]. 
 

 
Figure 3.11. Mechanism of microstructure development when the magnet composition is 
modified by TiC addition. Left figure illustrates schematically microstructure of the initial 
magnet. On the right, the influence of TiC addition is shown [Paper IV]. 
 
In comparison to the samples without carbide introduction, Fig. 3.12 shows the 
effect of nano-TiC addition on the magnetic properties of remanence (Br), 
coercivity (Hci) and maximum energy product (BHmax) measured at room 
temperature. Generally, TiC has a positive influence on coercivity. It increases 
with higher TiC concentrations and starts to decrease with the TiC concentration 
exceeding 1 wt%. Remanence value remains almost unchanged and decreases 
with higher dopant concentrations – at 2 and 5 wt% of carbide addition due to the 
nonmagnetic TiC phase. The maximum energy product is highest for the magnet 
with 1 wt% TiC, as seen from Fig. 3.12. (For more details see Paper IV.) 
The magnetic properties at elevated temperatures for nano-TiC doped sintered 
NdFeB magnets were characterized. In comparison to the initial characteristics 
of 333K for maximum working point and 583 K for Curie temperature, the 
highest working and Curie temperature of 373 K and 633 K are found for the 
magnet with 0.5 wt% nano-TiC. The magnet with 1 wt% TiC resulted in 10 K 
lower Curie temperature.  
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In terms of stability, at lower temperatures in the range up to 373 K, the difference 
in remanence is insignificant, but at elevated temperatures, the magnets with 
nano-carbide are more stable. For coercivity, the picture is quite similar at higher 
temperatures, however at lower temperatures coercive force decreases slightly 
faster. (Extra information is provided in Paper IV.) 
 

 
Figure 3.12. Magnetic properties of TiC doped NdFeB magnets at room temperature as 
the function of TiC content [Paper IV]. 

3.4. SPS processing of fine-grained Nd-Fe-B  powders 
 
Spark Plasma Sintering (SPS) is known as one of the sintering techniques for fine 
powders. The advantage of SPS is the rapid sintering cycle that allows 
suppressing the grain growth and achieving full density at relatively low sintering 
temperatures [86, 87]. Earlier studies on permanent magnets manufactured by the 
SPS technique showed that fine grained and nanostructured magnets with 
promising magnetic, thermal properties and higher corrosion resistance can be 
achieved [88, 89].  
Microstructure of spark plasma sintered materials produced from SC flakes is 
presented in Fig. 3.13. After sintering, the material shows ultrafine structure. X-
ray phase analysis revealed the presence of the mixture of Nd and Pr hydrides 
and iron. Measurement of the hydrogen with an ONH analyzer proved the 
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presence of hydrides. The theoretical content of hydrogen in Nd2H5 and PrH2 
compounds is 1.7 wt% and 1.4 wt%, consequently. Assuming that the powders 
are fully hydrogenated, it may be possible to desorb all the hydrogen out of the 
refined powders during prolonged milling in vacuum, as after 15 min the content 
of hydrogen dropped to 0.25 wt% [82]. 

 
Figure 3.13. Magnet processed with SPS: (a) microstructure of as-sintered material at 
magnification 10 000x; (b) at magnification 100 000x [82]. 

After heat treatment of SPS magnets, the microstructure typical for magnets was 
recovered and showed the presence on the Nd2Fe14B hard phase. At 575 °C, the 
reduction of hydrides started and at 650…675 °C, the hydrides were fully 
reduced. The changes in the microstructures can be seen in Fig. 3.14. In 
comparison with the microstructure of as-sintered materials, the microstructure 
of the magnet heat treated at 575 °C showed that the desorption process had 
started, however typical phases for Nd-Fe-B magnets were not completely 
formed (Fig. 3.14 a, area marked as 1). The microstructure was similar to that 
found by Sheridan [90]. He assumed that the material is partially recombinated. 
Areas of alpha iron (98.9 wt%) were observed and designated as 2 in Fig. 3.14 a. 
The microstructure similar to that of sintered Nd-Fe-B magnets was obtained at 
higher temperatures of heat treatment (Fig. 3.4.2 b, c, d). Increasing temperature 
leads to the grain growth. For the magnet heat treated at 1090 °C, grain size was 
determined at about 8 m, which is comparable to the size of the grains in the 
magnet manufactured by the classical production route (Fig. 3.14 d) [82].  
Both the remanence and coercivity increase with the temperature increment of 
the heat treatment. Higher properties for the magnet heat treated at 1090 °C can 
be explained by uniform microstructure and decreased content of the Nd-rich 
phase. Apparently, smaller particle size of the hard phase for 675 °C and 875 °C 
treated magnets does not have sufficient influence on the magnetic properties 
when compared to other microstructural features [82]. 

a b 



53 

 

 
Figure 3.14. Microstructures of SPS magnets after heat treatment at different 
temperatures: (a) 575 °C, (b) 675 °C, (c) 875 °C and (d) 1090 °C [82]. 
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4. CONCLUSIONS 
 
The main conclusions of the thesis research are as follows: 

 For the production of Ce-containing magnetic alloys with the cooling rate 
up to 105 K/s, the splat quenching method was implemented. Tertiary 
(Nd-Ce-Fe-B) alloy with fine microstructure and free of α-iron was 
obtained. The coercivity of the Ce-containing magnets reaches 500 
kA/m.  

 The optimization of the jet-milling parameters for  hydrogen decrepitated 
NdFeB powders showed the smallest average particle size of 2 µm. To 
achieve fine powders, the velocity of the particles entering the grinding 
chamber should be decreased. 

 Novel ultrafine powder milling procedure was developed. Powders 
refined in hydrogen and subsequently in vacuum resulted in low oxygen 
contamination with fine particles of 0.3 µm. 

 To enhance thermal properties of PMs, a simplified method was 
developed by adding titanium carbide nanoparticles into the powder 
mixture prior to jet milling. TiC particles are concentrated mainly 
intergranularly in the RE-rich phase and almost do not dissolve in the 
matrix phase. At concentrations as small as 0.1 wt.% TiC nanopowder 
additions already lead to finer microstructure and decreased volume 
fraction of nonmagnetic phase. 

 Addition of nano-TiC to the RE magnets by mixing into hydrogen 
decrepitated strip cast powder resulted in an improvement of  the 
magnetic properties, increase in Curie temperature and thermal stability, 
especially at a higher temperature range. 

 
The novelty of the present research can be attributed to:    

 Application of Ce in magnetic alloys prepared by the splat quenching 
method; 

 Invention of the method for milling of the powders and subsequent 
handling and consolidation under vacuum atmosphere, which allows 
reduction of contamination of highly reactive materials and results in 
submicron powders; 

 Improvement of magnetic properties, Curie temperature and thermal 
stability of the RE magnets introducing nano-TiC powder prior to jet 
milling by nitrogen gas flow. 
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ABSTRACT 
Technology and properties of fine-grained NdFeB magnets 
 
In the current  state, the Rare-Earth (RE) permanent magnets (PM) have nearly 
reached their theoretical limits of a maximum energy product (BHmax). On the 
other hand, none of PMs provide all the properties required for effective 
applications. Moreover,  processing procedures for PMs are often costly and 
difficult to implement on industrial scale. Therefore, it is highly desirable to 
develop an ideal PM that will possess high magnetization, coercivity and thermal 
stability. At the same time, all these properties should be achieved at a possibly 
low cost. 
 
Microstructure and properties of the magnets are strongly connected to the 
preparation route. The most crucial parameters influencing the quality of the PM 
are chemical composition, grain size and distribution of the magnetic powders, 
sintering regimes and contamination rate, especially with oxygen. 
 
Focus in the PhD research is on the development and preparation of magnetic 
alloys with controlled composition and microstructure, optimization of milling 
techniques to obtain powders with fine grains and narrow distribution. Design of 
magnets with improved magnetic behavior and more effective performance at 
relatively high temperatures is a key aspect along with the establishment of a 
laboratory scale magnet production route.  
 
Classic production route of sintered RE magnets is used as the main fabrication 
technology.  Alternatively,  high-energy milling in wet agent or in hydrogen and 
vacuum  were implemented. Splat quenching was used to prepare small amounts 
of Ce-containing alloys with  fine and homogeneous microstructure free of α-
iron. In the present study, nano-TiC powder addition to NdFeB powders is 
suggested  to enhance the magnetic properties, Curie temperature and thermal 
stability. This could be regarded as the main novelty point of the current work.  
 
Results show that implementing the splat quenching method for the cooling rate 
of Ce-containing magnetic alloys amounting up to 105 K/s was achieved; an alloy 
with fine microstructure and free of α-iron was obtained. Quenching technique 
also resulted in more homogeneuos magnetic alloy with a lower Nd-rich phase 
present in the microstructure. The optimal parameters implementing HD and JM 
of NdFeB powders provided the lowest average particle size of 2 µm. In 
comparison to JM, high-energy milling in attritor with hydrogen gas and vacuum 
resulted in 0.3 µm sized powders with lower oxidation. Testing magnets with 
nano-TiC added at elevated temperatures, they proved to be more stable and 
possess higher Curie temperature. Addition of nano-TiC to the RE magnets by 
mixing into hydrogen decrepitated strip cast powder resulted in an improvement 
of their magnetic properties. 
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The general goal of the PhD research was to gain deeper insights into RE 
permanent magnets, their magnetic properties and also promote expertise in the 
characterization of magnetic materials. In addition, the aim was to develop 
criteria for selection of suitable compositions and microstructures to enhance the 
properties of Nd-Fe-B magnets. 
 
The  following challenges were overcome and mastered throughout the work: 

 Processing of RE magnets; 
 Characterization of microstructure; 
 Evaluation of magnetic properties; 
 Control over impurities level;  
 Partial substitution of Nd,Pr with other RE; 
 Improvement of thermal stability. 

 
 
Keywords: magnetic materials, Nd-Fe-B permanent magnets, Nd2Fe14B, Ce 
containing magnetic alloys, jet mill, thermal stability  
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KOKKUVÕTE 
Nd-Fe-B peenteramagnetite tehnoloogia ja omadused 
 
Haruldaste muldmetallide baasil püsimagnetite hetkeolukord on selline, et ühelt 
poolt püsimagnetite maksimaalne energia (BHmax) läheneb teoreetilisele piirile, 
teiselt poolt aga ei paku ükski NdFeB baasil püsimagnet korraga kõiki vajalikke 
omadusi magnetite efektiivseks rakendamiseks. Peale selle on püsimagnetite 
valmistamine kulukas ja sageli alternatiivseid ja uuenduslikke meetodeid on 
keeruline rakendada tööstuslikult. Seetõttu on oluline välja arendada 
püsimagneteid, millele oleksid kõrged magnetomadused (magnetiseerumine, 
koertsitiivsus ja termostabiilsus). Samal ajal peavad need omadused olema 
saavutatavad võimalikult madalate materjali- ja töötlemiskuludega. 
 
Püsimagnetite ja mikrostruktuuride lõppomadused sõltuvad otseselt 
valmistamisviisist. Kõige olulisemad parameetrid, mis mõjutavad magneti 
kvaliteeti, on keemiline koostis, magnetpulbrite terasuurus ja jaotus, 
paagutusrežiimid ja materjali puhtusaste (eelkõige hapnikusisaldus). 
 
Käesolev uurimistöö keskendub kontrollitud koostise ja mikrostruktuuriga 
magnetsulamite arendamisele, valmistamisele ning jahvatustehnoloogiate 
optimeerimisele, et tagada kitsa osiselise jaotusega peent pulbrit. Olulisteks 
aspektideks on püsimagnetite tehnoloogia juurutamine laboratoorsel tasemel ning 
paremate magnet- ja termopüsivuse omadustega magnetite arendamine.  
 
Doktoritöös on peamise valmistamistehnoloogiana kasutatud klassikalisi 
pulbermetallurgia meetodeid paagutatud püsimagnetite saamiseks. Alternatiivina 
on kasutatud kõrgenergeetilist märgjahvatust vedelikus (heptaanis) või 
kuivjahvatust vesinikus ja vaakumis. Lamepulbri sulametallist tootmisprotsess 
(splat-quenching) võimaldab valmistada väikestes kogustes Nd-Ce-Fe-B 
magnetsulameid ning tagab peene ja homogeense mikrostruktuuri ilma α-raua 
tekketa. Käesolevas töös näidatakse, et nano-TiC osakeste lisamine NdFeB 
magnetpulbrisse tõstab paagutatud magnetite magnetomadused, Curie’ 
temperatuuri ja termostabiilsust. Seda võib lugeda doktoritöö peamiseks uudsuse 
momendiks. 
 
Lamepulbri sulametallist tootmisprotsessi korral tardub väike kogus vedelmetalli 
kokkupuutel jahutatud vormipinnaga. Tulemused näitavad, et selle meetodi puhul 
saavutatakse jahutumisekiirus kuni 106 K/s. See võimaldab saada α-raua vaba ja 
peene mikrostruktuuriga magnetsulami. Samuti on sulami mikrostruktuuris 
vähem Nd-rikast faasi, mis on ühtlasemalt jaotatud. Optimeeritud 
hüdrogeenimine ja jugajahvatus kindlustavad pulbri madalaima keskmise 
osakeste suuruse (2 µm). Võrdluseks – kõrgenergeetiline jahvatus vesinikus ja 
vaakumis tagab keskmise osakestesuuruse 0,3 µm ja pulbri madalama 
oksüdeerimise. NdFeB-TiC magnetid on osutunud termostabiilsemaiks 
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suhteliselt kõrgetel temperatuuridel. Neil on kõrgem Curie’ temperatuur ja TiC 
lisamine hüdrogeenitud ribavalusse mõjutab positiivselt materjali 
magnetomadusi. 
 
Töö põhieesmärgiks oli saada sügavamaid teadmisi haruldaste muldmetallide 
baasil püsimagnetitest, nende magnetomadustest ja magnetmaterjalide 
karakteriseerimisest; välja töötada mikrostruktuure ja keemiliste koostiste 
valikukriteeriumid paremate magnetomaduste tagamiseks. 
 
Käesolevas töös on lahendatud ja ületatud järgmised teaduslikud ja 
tehnoloogilised väljakutsed: 

 püsimagnetite valmistamine; 
 mikrostruktuuri iseloomustamine; 
 magnetomaduste mõõtmine ja hindamine; 
 kahjulike lisandite kontroll; 
 Nd ja Pr osaline asendamine teiste haruldaste muldmetallidega; 
 magnetite termostabiilsuse parandamine. 

 
Võtmesõnad: magnetmaterjalid, Nd-Fe-B püsimagnetid, Nd2Fe14B, Ce-ga 
magnetsulamid, jugajahvatus, termostabiilsus 
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