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ABSTRACT 

 Optimizing the microstructure of sintered Nd-Fe-B type magnets has become increasingly 

important. Sintered magnets are key components to the growing industry of alternative energy, 

particularly wind turbines and electric car generators. With rising costs and limited supply of rare earth 

elements, special attention has been dedicated to improving magnetic properties of these magnets through 

processing rather than compositional modifications. The magnetic property needing the most 

improvement in Nd-Fe-B type sintered magnets is coercivity. Coercivity dictates the performance of 

magnets at temperatures still below the demagnetizing threshold temperature.It has been shown that 

annealing sintered magnets in a magnetic field can enhance coercivity when compared to conventional 

post-sinter annealing in the absence of a magnetic field. However, little is known about the 

microstructural changes that occur in sintered magnets as a result of these thermo-magnetic treatments. 

This work presents themicrostructural characterization of Dy-free and Dy-containing sintered magnets 

that have undergone annealing in a magnetic field of 9T.Microstructural characterization techniques were 

used to identify phases, analyze the texture of phases identified, and to study intergranular phases. 

Microstructural findings were then used to propose a solidification scheme during annealing and connect 

such findings to magnetic property results, as well as to make suggestions for optimizing the 

manufacturing process.  

 In addition to the magnetic phase, phases identified in the Dy-free and Dy-containing Nd-Fe-B 

sintered magnets consisted of Nb-rich precipitates, Nd-rich phases, and phases from the Nd-Fe-Cu ternary 

system.Nd-Fe-�&�X���S�K�D�V�H�V���L�Q�F�O�X�G�H�G���.-Nd, NdCu, and the �• (Nd6Fe13Cu). The Nd-rich phases were 

specifically identified to be NdOx �S�U�H�F�L�S�L�W�D�W�H�V���L�Q���D�Q���.-Nd matrix, and contained an orientation relationship 

described by (0001)�.-Nd||(111)NdOxand [112
$0]�.-Nd||[1
$10]NdOx. This orientation relationship, as well 

as the other phases found in the microstructure, were unaffected by the processing treatments. While no 

effects of the magnetic field were observed in either magnet; the coercivity improved with thermal 

annealing in the Dy-free sintered magnet. The coercivity in the Dy-containing sample remained 

unchanged. It was concluded that the coercivity enhancements in the Dy-free sintered magnet were likely 

due to improved grain boundary phase characteristics. It was proposed that cooling rates of the Nd-Fe-Cu 

ternary system phases largely affect the grain boundary phases and the wetting by the liquidduring 

thermal treatments. It is suggested that formation�R�I���W�K�H���2��phase prior to finalsolidification enriches the 

final liquid, found in grain boundary regions, in Cu. Cu-enrichment is known to assist in grain boundary 

wetting which may reduce the surface roughness of Nd2Fe14B grains, and thus improve coercivity by 

reducing nucleation sites for reverse magnetic domains.  
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CHAPTER 1: INTRODUCTION 

 As fossil fuel consumption continues to come under growing public scrutiny, alternative energy 

solutions are becoming primary responses for climate change mitigation. Scientists have been 

increasingly dedicated to compensating for the effects of global warming, with special attention towards 

producing energy-saving modifications that can be easily applied to existing technologies. Notably, 

electric and hybrid vehicles and windmill generators are two favorable technologies which have 

demonstrated fuel emission reduction capabilities[3], and offer even further promise for advancement. 

 These electric vehicles and windmill generators share a key component to functionality: high 

strength rare earth permanent magnets; specifically the neodymium-iron-boron (NdFeB) based permanent 

magnet[1,5]. Not only does the NdFeB type magnet produce the largest magnetic torque among 

magnets[5,65], but without this central element in generator design, these alternative energies would face 

setbacks if not obsolescence. Beyond their importance in electric generators and motors for wind power 

and electric transportation, NdFeB magnets have extensive applications in a number of other technologies 

including but not limited to high efficiency appliances, actuators, computer hard drives, and magnetic 

resonance imaging (MRI) scanners [5,1,3]. Increases in green energy development and engineering will, 

in turn, also result in the expanded and continued use of NdFeB magnets. 

 What distinguishes NdFeB permanent magnets from other magnets are the superb magnetic 

properties, most importantly the maximum energy product, BHmax [1,2]. The BHmax dictates the NdFeB 

�S�H�U�P�D�Q�H�Q�W���P�D�J�Q�H�W�¶�V���X�Q�S�D�U�D�O�O�H�O�H�G���F�D�S�D�F�L�W�\���L�Q���S�U�R�G�X�F�L�Q�J���P�D�J�Q�H�W�L�F���W�R�U�T�X�H���L�Q���J�H�Q�H�U�D�W�R�U�V[5,3,65,2]. The 

performance of the NdFeB permanent magnets far exceeds that of the prized samarium-cobalt (Sm-Co) 

magnet series, as well as the Alnico and ferrite magnets[1,2]. Among the NdFeB permanent magnet line, 

the sintered NdFeB magnetsprovide the highest BHmax [5,3]. Even small improvements to sintered NdFeB 

magnets could propel advances in engineering. Despite the solid foundation of production and 

applications NdFeB sintered magnets currently employ, optimizing the magnetic properties is still a 

challenge to the future of alternative energy technologies. 

 There are critical drawbacks to certain magnetic properties which limit the potential of the 

sintered NdFeB magnets in terms of the amount of magnetic flux that can be generated for higher 

temperature operations. NdFeB sintered magnets have a temperature threshold, called the Curie 

temperature (Tc), above which magnetic properties are lost[10]. In addition and possibly more significant 

is the magnetic property, coercivity. The coercivity of the NdFeB type sintered magnet is the underlying 

factor which controls its ability to operate at the higher temperatures still below the Curie temperature 
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[5].Unfortunately, the actual coercivities of NdFeB magnets includingsintered NdFeB magnets are well 

below that of the theoretical values [2,10,3], and much is still not understood as to the reason for this 

disparity. Industry and academia have found some solutions to circumvent the shortcomings of the 

coercivity limitations yet many of these are unsustainable solutions. Most commonly used to overcome 

the drawbacks of low coercivity is the addition of the rare earth element dysprosium (Dy) [10,5], but 

despite increasing coercivity, it also comes at the expense of the BHmax [10]. Worsening the matter is the 

price of Dy given that the Chinese-controlled market of Dy production makes Dy economically unfeasible 

to continue to be relied upon [10,5]. 

 The problem is thus: Alternative energy solutions such as wind power and electric or hybrid 

vehicles are extremely promising but heavily rely on the performance of NdFeB sintered magnets. 

Understanding how to obtain properties closer to the theoretical coercivity of sintered NdFeB magnets 

must come via thorough studies to determine what mechanisms control coercivity and what 

microstructural features promote it. Furthermore, manufacturing processes which can utilize those 

findings must be developed. 

 In an attempt to correlate microstructure to coercivity, one method favored by researchers is to 

investigate microstructural differences occurring in specimens treated with processing parameters which 

specifically affect coercivity [11,22]. Most of these studies revolve around the effects of a post-sinter heat 

treatment which is frequently used as a final step in the manufacturing process of sintered NdFeB 

magnets. Several researchers have also shown significant coercivity enhancements by exploiting the 

properties of annealing in a magnetic field. Nonetheless, due to the relatively new recent reports of these 

coercivity improvements from magnetic field processing, little is known about the microstructural 

changes that result from this processing. 

 The purpose of this work is to uncover links between coercivity and microstructural features 

found in sintered NdFeB magnets that have undergone annealing treatments in a magnetic field with 

special attention to texture and orientation impacts. Data from this study could identify important 

understandings of coercivity mechanisms and microstructure optimization. If coercivity improvements are 

substantial, magnetic annealing is a technique that would be cost efficient to implement into already 

established manufacturing processes, and could largely reduce Dy content and magnet size, ultimately 

reducing the cost of sintered NdFeB permanent magnets as well as the cost of their applications. 
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CHAPTER 2: LITERATURE REVIEW 

 Sintered NdFeB magnets possess strong magnetic torque capabilities and contain highly intricate 

microstructures. It is necessary to have a detailed understanding of the magnetic properties of the NdFeB 

sintered magnets, how they arise, and how they are connected to the microstructure so that they may be 

improved. The first section of this literature review will address basic known properties of sintered 

NdFeB magnets. These basics include: magnetic properties, their manufacturing process, and the 

microstructures commonly observed. The second section will address how these magnetic properties are 

connected to the processing and microstructure of the sintered magnets, summarizing theories 

surrounding the mechanistic influences which are thought to cause coercivity improvements. The last 

section will concentrate on a review of recent processing techniques involving magnetic field annealing, 

the resulting coercivity improvements, and the suggested hypotheses of the magnetic field effects on 

sintered magnet microstructure and coercivity. 

2.1 Sintered Magnets 

 

 The most unique and desirable features of sintered NdFeB magnets, as mentioned above, are the 

excellent magnetic properties. These magnetic properties correlate intimately with the microstructure of 

the magnet, and thus the manufacturing processes used to tailor their structures. Improvements in the 

magnetic properties can only be accomplished effectively if the structure-property-processing-

composition relationships are understood.Thus, in this section (a) the magnetic properties of a typical 

NdFeB sintered magnet, especially the coercivity given that its improvement is the most critical to present 

day studies, (b) the manufacturing process of sintered NdFeB magnets, and (c) a detailed summary of the 

microstructures that have been reported, will be reviewed. 

2.1.1 Magnetic Properties 

 The superior magnetic properties of sintered NdFeB magnets stem from the intrinsic properties of 

the main phase, Nd2Fe14B [1,2,3,4], and are exploited using manufacturing processes that control the 

distribution of this and other phases in the microstructure. In this section, a review of the origin of the 

magnetic properties and the intrinsic behavior of the Nd2Fe14B phase is given, followed by a review of the 

typical processing used to make sintered NdFeB magnets, and, finally, a review of the microstructural 

features that are common in these magnets. 

 As stated previously, the Nd2Fe14B �S�K�D�V�H���L�V���W�K�H���I�R�X�Q�G�D�W�L�R�Q���R�I���W�K�H���1�G�)�H�%���V�L�Q�W�H�U�H�G���P�D�J�Q�H�W�¶�V��

excellent magnetic properties. The Nd2Fe14B phase accounts for ~90% of the volume of NdFeB sintered 
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magnet structures [5] andis important due to its hard magnetic properties, notably its large magneto-

anisotropy[1]. Nd2Fe14Bis tetragonal (a= 8.8 Å and c=12.2 Å)with aP42/mnm space group and contains 68 

atoms per unit cell[3,1]. This unit cell is depicted in Figure 2.1 and exhibits a complex structure 

consisting of triangular and hexagonal layers [1]. 

 

 

Figure 2.1 Tetragonal unit cell of Nd2Fe14B. The c/a ratio is exaggerated to emphasize theinternal Fe 
sublattice structure. 

  

The layers that form the unit cell are, in simplistic terms, an Fe atom sublattice that encompasses the Nd 

atoms [1]. The hexagonal and triangular layers are shown in Figure 2.2 and clearly demonstrate a net of 

iron atoms surrounding the rare earth atoms [1]. 

 

 

Figure 2.2 Projection of the basal plane Fe sublattice layers stacked along the c-axis of the Nd2Fe14B 
unit cell. 

  

 The sublattice anisotropy of the ferromagnetically coupled Fe atoms [1] creates large moments 

[6] that aid in the magnetization of the phase [1]. Although the Fe sublattice is an important feature of the 

Nd2Fe14B structure, it is the rare-earth atom contribution that is responsible for the superior magnetic 

properties [1]. The Nd atom site positions within the unit cell and the resulting characteristics provide the 
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phase with very large magnetocrystalline anisotropy [1]. Magnetocrystalline anisotropy, an intrinsic 

property, describes the significance of the easy axis ofmagnetization [7] �D�Q�G���D���S�K�D�V�H�¶�V���S�R�W�H�Q�W�L�D�O���D�V���D��

magnet. In other words, there is a crystallographic direction where the phase is significantly easier to 

magnetize. In the Nd2Fe14B phase, the Fe sublattice layers are perpendicular to the c-axis of the unit cell 

[1],i.e., the [001] direction. It follows that [001] is the easy axis of magnetization [1,2,3], with the axis 

location mirroring the Nd2Fe14B unit cell symmetry [7]. The importance of crystal orientation is addressed 

further in section2.1.2with respect to the sintering process, and in section2.2.2 with regards to the effect 

of [001] alignment on coercivity. 

 The relatively high magnetocrystalline anisotropy of the Nd2Fe14B phase is the reason that the 

sintered NdFeB magnets exhibit some of the highest maximum energy products, BHmax, of all commercial 

magnets [5]. Along with BHmax�����V�S�H�F�L�I�L�F���P�D�J�Q�H�W�L�F���S�U�R�S�H�U�W�L�H�V���X�V�H�G���W�R���G�H�V�F�U�L�E�H���D���P�D�J�Q�H�W�¶�V���I�X�Q�F�W�L�R�Q�D�O�L�W�\��

include the Curie temperature, the remanence, and, most importantly, the coercivity. Aside from the Curie 

temperature, these other magnetic properties can be captured by performing 

magnetization/demagnetization measurements and then plotting curves such as those shown in 

Figure 2.3(a). The demagnetization curve represents the third quadrant of the magnetic hysteresis loop 

shown in (a) and isolated in Figure 2.3(b). 

 

 
(a) 

 
(b) 

Figure 2.3 Magnetic hysteresis loop (a) with corresponding magnetic properties indicated, and the 
demagnetization curve (b) with the physical depiction of the maximum energy product, 
BHmax[7]. 

 

 The magnetic hysteresis loop is obtained by applying a magnetic field (H) to the magnet until 

saturation occurs, i.e., the magnet has fully magnetized, and sequentially applying a magnetic field in the 

opposite direction until the magnetization saturation has returned to zero and the magnet has been 

demagnetized.As can be seen in Figure 2.3(b), BHmax, remanence, and coercivity can be determined from 

the demagnetization curve. BHmax is used to determine the utility of a sintered magnet as it represents the 
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amount of magnetic flux and resulting power capacity of the magnet. It is the high BHmax values of 

sintered NdFeB magnets that make themsuperior magnets for high torque requirements in commercial 

processes (Figure 2.4) [2]. 

 

 

Figure 2.4 Development in permanent magnets in terms of maximum energy product, BHmax [2]. 

 

 The BHmax is embodied in the demagnetization curve and is characterized by the largest 

rectangular area fitting underneath the curve, represented in Figure 2.3(b)by the yellow region labeled 

BHmax [8]. The BHmax may be calculated using equation(2.1 [64],where it is evident that the BHmax and the 

remanence, Br, are interconnected properties. 

 

 �$�*�I�=�T =
�$�N

2

4
 (2.1) 

 

This relationship is further illustrated in Figure 2.5. 

 

 

Figure 2.5 Demagnetization curve and resulting relationship between Br and BHmax [8]. 
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 Specifically, the remanence of a magnet represents the residual magnetic flux in the zero 

magnetizing field condition [8]. The remanence signifies the quality and quantity of the permanent 

magnetic phasein comparison to the ferromagnetic or paramagnetic phases existing in the microstructure. 

Thus, the larger the volume fraction of the magnetic phase in the magnet, the greater the remanence [5]. 

This is usually achieved by increasing the density [5] of the green compact during sintering, which is 

addressed in Section 2.1.2. While the remanence of the NdFeB magnet is an important magnetic property, 

BHmax �L�V���X�Q�L�Y�H�U�V�D�O�O�\���F�K�R�V�H�Q���D�V���D���P�D�J�Q�H�W�¶�V���G�H�I�L�Q�L�Q�J���S�U�R�S�H�U�W�\���R�I���H�I�I�H�F�W�L�Y�H�Q�H�V�V�� 

 Besides BHmax, another property that is an important indication of magnet functionality is 

coercivity;in Figure 2.3it is the point in the demagnetization curve where the hysteresis makes contact 

with the x-axis. Whereas BHmax signifies the amount of magnetic flux available, coercivity values at room 

temperature are the best indicator of how a magnet and this magnetic flux will behave at higher operating 

temperatures [2]. �&�R�H�U�F�L�Y�L�W�\���V�L�J�Q�L�I�L�H�V���D���P�D�J�Q�H�W�¶�V���D�E�L�O�L�W�\���W�R���U�H�V�L�V�W���Gemagnetizing forces up to the Curie 

temperature, the temperature at which all magnetic properties are lost [8]. 

 Current work on NdFeB sintered magnetsis largely in the area of increasing the coercivity given 

that high BHmaxmagnets with low coercivity are undesirable due to the loss of BHmax with increasing 

temperatures [2] as this loss severely limits potential usages. Dysprosium (Dy) and Terbium (Tb)can be 

substituted for Nd produce magnets with higher magnetic anisotropies and coercivities by increasing the 

magneto-anisotropy of the Nd2Fe14Bphase [1,5]. The effects of Dy additions can be seen in 

Figure 2.6where the coercivity and resulting operating temperatures appreciably improve with even small 

additions of Dy[79]. 

 

 

Figure 2.6 Intrinsic coercivity, Hc, and remanence, Br, as a function of dysprosium content. Note 
increase in operating temperature with increasing Dy [79]. 
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 Unfortunately, it is expensive to add Dy and Tb to NdFeB sintered magnets. For example, there 

was anexponential increase in the price of Dy due to the Chinese monopoly on rare earth element 

production [5], (Figure 2.7) [77]. Further, although Dy enhances coercivity, it results in a loss in 

remanence(red in Figure 2.6) and thereforeBHmax [2](equation (2.1). 

 

 

Figure 2.7 Dy market prices from 2001 to 2012 showing the exponential increase incostsince 
2009[77]. 

 

 In order to reduce the cost of sintered NdFeB magnets and alleviate their reliance on Dy and Tb, 

microstructural refinements are necessary [2,3,9,22].To fully understand the intertwining effects of 

microstructure and coercivity, the following sections, 2.1.2 and 2.1.3, will firstly address the processing 

of a conventional sintered magnet and the ensuing expected microstructures. 

2.1.2 Manufacturing Process of NdFeB Magnets 

 Conventional sintered NdFeB magnets are produced using traditional manufacturing processes, 

namely, powder metallurgy that involves liquid-phase sintering [5,9]. This fabrication route is capable of 

producing fully-dense magnets [2,5] with the essential crystalline anisotropy required for superior 

operating performance [2]. The standard steps in the production of NdFeB magnets include (a) powder 

production, (b) green compact assembly, (c) sintering and heat treatments, and lastly (d) machining of the 

final shapes desired and coating to protect from oxidation. A simplified representation of this process is 

shown in Figure 2.8along with a pseudo-binary phase diagram of the NdFeB ternary system for 

temperature clarifications [2]. Additionally, the steps shown in Figure 2.8are described in further detail 

below. 
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Figure 2.8 Pseudo-binary phase diagram of the ternary Nd-Fe-B system adjacent to a processing 
diagram that represents the steps used to produce asintered NdFeB magnet [2]. 

 

 NdFeB powder production is a controlled process demanding precise atmospheres and 

compositions[5,2,10]. The primary factor in achieving these conditions begins with the ingot casting from 

which the powders are produced. Generally, an ingot composition close to that of the Nd2Fe14B phase 

stoichiometry is desired for optimal BHmax values [2,5]; however, compositions close to the 

stoichiometric composition will also �I�R�U�P���S�U�L�P�D�U�\�.-iron during solidification, a soft magnetic phase 

which is detrimental to both remanence and BHmax[5,2]. Thus,compositions slightly enriched in rare 

earths[13,1,5,2,10] are used in combination with strip-casting,which allows for faster cooling rates[5], to 

eliminate any primary �.-iron dendrites [9,5,2]. The effects of the other commonly added elements found 

in the microstructure are discussed in subsequent sections. 

 After strip casting, the resultant ingot is ready for powder production. Typically, the ingots 

exhibitsa 4-6 ��m columnar structure of the Nd2Fe14B phase, and at least one Nd-rich phase as predicted 

from the phase diagram, with other phases possible depending on initial ingot composition. Fukagawaet 

al. [11] reported the Nd-rich phase as being exclusively metallic �.-Nd [9,2].Due to the reactivity of the 

magnetic phase, the elimination of oxygen during the ingot-to-powder process is essential for obtaining 

higher coercivity magnets and improved magnetic properties [5,2,12,10]. Ingots are subsequently jet-

milled, a process which allows for pulverization without the risk of contamination from traditional ball 

milling, and uses controlled inert gas environments to reduce oxidation of the particles [9,2,5,1]. 
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 The resulting powders with diameters from 2-5��m [13,5,14] are then compressed into green 

compacts prior to sintering. The compacts are created using a combination of magnetic field (10-20 kOe ) 

[9,13,5] and pressure (150-250 MPa) [9,13,14] application in order to align the magnetic phase and 

compact the body of the magnet, respectively. This produces a high degree of c-axis alignment of the 

Nd2Fe14B powder grains [2]. Different strategies have been employed for both the alignment of the 

powders and the green compactdensification; the popular pressing methods involve either rubber isostatic 

pressing or cold isostatic pressing [80], while alignment occurs via a magnetic field which is generally 

pulsed, in either the parallel or perpendicular directions with regards to the pressing axis [5,2,13]. In terms 

of the magnetic field direction, processing perpendicularly to the pressing axis results in better alignment 

and magnetic properties but creates machining difficulties, whereas magnets processed in the parallel 

direction are easier to machine yet lack the superior alignment and therefore magnetic properties [5,16]. 

 Once the green compact has been produced, it is sintered in either argon [13,9] or vacuum [9] 

around 1370K [9,13,5,14] for 1-4 hours [9,5,13,14]. The initial composition enables liquid phase sintering 

[5] such that the Nd-rich phases melt and aid in densification of the magnet [2] while limiting grain 

growth [4]. The magnet is then quenched from the sintering temperature, while maintaining it in an inert 

atmosphere [9,4,14], and sometimes subjected to a high temperature heat treatment, around 800-900°C, to 

homogenize the magnetic phase composition [1,19,17]. The final steps of the sintering process include a 

post sintering annealing (PSA) treatment [5,1,2,20,9] described further below, a final quench [9,21], and 

lastly machining followed by the application of a protective coating to prevent oxidation [5,2]. 

 It is well established that a PSA treatment improves the coercivity of NdFeB sintered magnets 

[2,5,9,20,17,19]. The PSA treatments may be conducted at different temperatures depending on the 

composition of the magnet [9]. This is due to the fact that the mechanisms behind the coercivity 

improvement, although not fully understood and still debated [22, 11], rely on the lower melting point 

grain boundary phases. The mechanisms hypothesized for this enhancement in coercivity are explained in 

section 2.2.3. Differential scanning calorimetry (DSC) analysis is commonly used to determine the 

temperatures at which incipient melting occurs. Because multiple and sometimes complex eutectic 

systems may be present [9] in addition to the Nd-Fe-B ternary system, it is necessary to locate the 

endothermic peaks as a means of selecting the best PSA temperature [23,9]. An example of this is shown 

inFigure 2.9, where 500°C and 550°C were chosen for the PSA based on the endothermic peaks found in 

sample #B, a Cu-containing NdFeB sintered magnet. 
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(a) 

 
(b) 

Figure 2.9 (a) DSC curves upon heating to 800°C at 5°C/min for a low Cu-containing sample A, and 
a high Cu-containing sample, B, showing varying endothermic peaks which denote 
melting upon heating from the different compositions of the two samples. (b) DSC curve 
upon heating to 800°C at 5°C/min showing multiple endothermic peaks describing more 
than one eutectic present in the magnet [20]. 

 

 In addition to the complexity associated with having multiple eutectics, different elemental 

additions can alter endothermic peaks temperatures, as well as cause peaks to overlap [20].Peak overlap is 

evident in Figure 2.9, where the DSC curve of sample  #A has no definitive peak, a result of differing Cu 

additions from that of sample #B, and in which case trial and error must be used to complement the DSC 

data. Important and frequently observed systems which have eutectic temperatures close to those 

regularly chosen for PSA treatments are the Nd-Fe-B, Nd-Fe-Cu, and Nd-Cu-Al ternary systems 

[20,23].Figure 2.10, Figure 2.11, and Figure 2.12 provide some relevant or available isotherms and 

liquidus diagrams for these systems [48,77]. 

 

 
(a) 

 

 
(b) 

Figure 2.10 (a) 450°C and (b) 600°C isotherms of the ternary Nd-Fe-Cu system [77]. 
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(a) (b) 

Figure 2.11 (a) Liquidus projection of the ternary Nd-Fe-Cu system [77]; (b) liquidus projection of 
the ternary Nd-Fe-B system where T1 represents the Nd2Fe14B phase and T2 is the 
Nd1.1Fe4B4phase [81]. 

 

 
(a) 

 
(b) 

Figure 2.12 (a) 500°C isotherm and liquidus (b) projection of the ternary Nd-Al -Cu system 

 

 Overall, the phases and their distributions in the microstructures of the NdFeB magnets are 

complex, and no ternary phase diagram represents the full complexity. Through extensive characterization 

however, consistencies in phase occurrences have been found for the sintered NdFeB magnet, and these 

typical microstructural features are discussed in Section 2.1.3. 

2.1.3 Typical Microstructures of Sintered NdFeB Magnets 

 The microstructure of a typical NdFeB sintered magnet intimately relates to the liquid phase 

sintering (LPS) process. On a basic level, there are the magnetic grains, which are the main phase of 
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composition Nd2Fe14B and average about 10��m in diameter [13,4]. During LPS, these Nd2Fe14Bgrains 

that are present in the initial jet-milled powders are surrounded by liquid. This liquid solidifies during 

quenching and produces secondary phases.These secondary phases exist either collectively in between 

grain junction regions (GJR), sometimes referred to in literature as triple point regions or pockets, or 

inthin layers between two grains, i.e., the grain boundary (GB) or intergranular phase. This section will 

address both types of secondary phases, those in the GJR and the GB phase, as these represent the 

possible phases found in the chosen type of sintered magnet used in the current research. 

 The phases found within the GJR may be sorted into different classifications: phases from the 

ternary Nd-Fe-B system, rare-earth oxides, primary �.-Nd inclusions, and phases from the Nd-Fe-Cu 

system. In the simple case of the Nd-Fe-B ternary system, not accounting for the Nd-oxides, the phases 

found within the microstructure are those expected from the ternary phase diagram, inFigure 2.10. In 

addition to the Nd2Fe14B phase grains, the GJRs also contain �.-Nd, Nd1.1Fe4B4 sometimes referred to as 

T2�����.-Fe, and Nd-oxides [2,1].Figure 2.13shows the microstructure of such a magnet. Note that the 

Nd1.1Fe4B4phase may be as large as one of the magnetic phase grains and tends to be much more irregular 

in shape than the Nd2Fe14B phase [1,24]. 

 

 

Figure 2.13 SEM image of a typical microstructure of an Nd-Fe-B sintered magnet. T1, T2, and Nd 
represent the Nd2Fe14B, Nd1.1Fe4B4, and Nd-rich phases, respectively [4]. 

 

 The oxides found within the microstructure result from the sintering process [14] in spite of the 

tight atmosphere control. Rare earth oxides have been detected in a variety of compositions, with a variety 

of crystal structures, sizes and locations. In Dy-containing magnets, the rare earth oxides are often a 

mixture of Dy and Nd in addition to the oxygen [17], but have the same crystal structure despite the Dy to 

Nd ratio, due to the substitutional nature of the elements. Some oxides have been reported to contain 

various amounts of other elemental additions such as Co [27], Cu, and Fe [22,17,25,14,26,27].In 

literature, authors tend to refer to multiple oxides of different compositions and structures under the 

universal name, Nd-rich phase. The Nd-rich phase describes specific oxides, �.-Nd, or other phases in 

GJRs whose compositions have not been verified exactly but usually contains larger amounts of Nd than 
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the T1 and T2 phases [14,22,28]. Thus, the Nd-rich phase mentioned in the literature is not a consistent 

phase, but used to encompass a large range of oxygen content, crystal structures, and morphologies. 

Phases, particularly oxides,reported in the literature and sometimes used under the general Nd-rich phase 

name include NdO, NdO2, Nd2O3-hcp [29], Nd2O3-�F�X�E�L�F�����D�V���Z�H�O�O���D�V���.-Nd [17,30,11]. It is agreed that 

Nd2O is a metastable phase, but its stability has not been well studied. Likewise, the Nd2O3-cubic phase is 

a metastable phase [83],and as such Nd2O3-hcp is the more stable sesquioxidewith a morepositive 

oxidation energy [83]. Crystal structures of the Nd-rich phases are summarized in Table D.1.While not all 

reported Nd-oxidephases are shown, specifically the NdO2 phase, it is useful to refer to the Nd-O binary 

phase diagram to better understand the relative stabilities and formation temperatures of the oxides in 

these magnets (Figure 2.14). 

 

 

Figure 2.14 Tentative Nd-O binary phase diagram [53]. 

 

 Many authors have contemplated the formation mechanisms of the different oxides and their 

effects on coercivity. The theories which pertain specifically to PSA effects are highlighted in section 

2.2.3. In this section, the oxide morphologies and structures typically seen in the GJRs will be addressed. 

The large majority of the oxides reported in the literature are those observed in TEM studies. It is agreed 

that the most stable of these oxides is the hexagonal Nd2O3phase [18,14,25] with a = 0.38 nm and c = 0.61 

nm [14]. It is suggested that this phase accommodates a range of oxygen larger than stoichiometric values 

[14], and likely occurs due to the oxidation ofless stableNd-rich phasessuch as NdO2 [25,18,28]and the 

fcc NdO phase [11,18,17]. Kim et al. [17] and Moet al. [14] have found particles of the Nd2O3-hcp phase 

in the GJR, whereas Fukugawa et al. [11] only detected this phase after surface oxidation. Other 

researchers detected grains of both the Nd2O3-hcp phase [31,14] and the fcc-NdO phase in larger sizes, 

sometimes comprising the entirety of the GJR [31] (e.g., Figure 2.15). 
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(a) 

 
(b) 

Figure 2.15 (a) Backscatter SEM image of a typical Nd-Fe-B sintered microstructure and (b) the 
subsequent EBSD results denoting the crystal structure of the similarly contrasted Nd-
rich grains, where red represents the NdO phase, green the Nd2O3-hcp phase, and purple 
the Nd1.1Fe4B4 phase [31]. 

 

 The fcc NdO and NdO2 phases [32,19] are believed to precipitate at the interface of the Nd2Fe14B 

magnetic grains from a high temperature reaction [19]. In addition to large GJR grains, the fcc NdO and 

NdO2phases have been found both as intergranular inclusions [17, 22], round in shape [17] with capsule 

like morphologies [22], and as nano-size particles within the GJR [17,22]. Despite limited solubility of 

Cu in Nd, suggested by the Nd-Fe-Cu ternary phase diagram, it has been theorized that NdOx phases 

could be enriched in Cu [17,33,19], with the Cu-rich phase having smaller surface energies and thus more 

triangular morphologies [17], and could also exist having a range of oxygen contents [14]. Figure 2.16 

represents the schematic and HRTEM studies reported by Kim et al. concerning the Nd-rich and Cu-rich 

phases, which were indexed by diffraction patterns to have the fcc NdO crystal structure.  

 Another commonly observed Nd-�U�L�F�K���S�K�D�V�H���L�V���.-Nd. This phase is similar to the fcc NdO phase in 

that it may also hold a certain amount of oxygen in solid solution [14,25,27], which is thought to stabilize 

the structure [25], and accommodate Cu enrichment [27] up to 2.8% [29,33�@�����.-Nd has been indexed from 

fine grains in the GJR [11,25,33]. Lastly, there is the metastable Nd2O3-cubic phase of space group Ia-3 

and unit cell a= 1.108 nm [18,14,22]. �/�L�N�H���W�K�H���I�F�F���1�G�2���D�Q�G���.-Nd phases, the Nd2O3-cubic phase has been 

reported to show Cu enrichment [17] and to contain different amounts of oxygen [17,14]. Kim et al. [17] 

found this phase could exist in large sizes within the GJR similar to the Nd2O3-hcp and fcc NdO phases 

discovered by Mo et al. [14] and Woodcock et al. [63]. 
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 (a) 

 
 (b) 

 
 (c) 

Figure 2.16 Bright-field TEM micrographs and corresponding schematics showing morphologies of 
(a) the rare-earth(RE)-rich phase, (b) Cu-rich GJR phase, and the (c) combination region 
of both the rare-earth-rich phase and the Cu-rich GJR phase. PG represents precipitate 
grain, GBP represents grain boundary phase, and TJP represents triple junction phase 
which is synonymous with a GJR phase. 

 

 Authors have attempted to classify Nd-oxides relying predominantly on oxygen concentrations, 

such as the popular structure theory given in Figure 2.17, which denotes a correlation between the oxide 

type and oxygen concentration limits [14]. 

 

 

 

Figure 2.17 Crystal structure of the Nd-rich phases as a function of O content within the GJR of a Nd-
Fe-B sintered magnet. �7�K�H���³�Kcp�  ́designates the Nd2O3-hcp phase, �W�K�H���³fcc�  ́the fcc NdO 
and NdO2 phases, �³Ia-3�  ́the Nd2O3-cubic phase, and �³�Ghc�S�´���W�K�H���.-Nd phase. The dotted 
ovals represent ranges of O content suggestedto exist in each Nd-rich phase crystal 
structure, and thus may not necessarily correspond with stoichiometric values [14]. The 
negative y-axisis likely used to better visualize data points near 0% oxygen. 

 



 17 

Results such as those in Figure 2.17 and others in literature which attempt to quantify oxygen contents are 

questionable, however, given that many are from EDS results which are inaccurate for lighter elements. 

Therefore, the differentiation of Nd-oxides, especially those which are isostructural [14] or accommodate 

a range of oxygen [14], is usually complemented with techniques that utilize crystal structure data and 

differences in lattice parameters. For instance, TEM diffraction pattern analyses [25,22,14,32] and 

electron backscatter diffraction (EBSD) methods [31] have been employed as shown earlier in 

Figure 2.15.  

 Shinba et al. [22] has theorized that, in addition to oxygen content [14], phase location in the GJR 

and intergranular regions have a moderate influence on the crystal structure of Nd-rich phases. Some 

notable hypotheses related to the morphology and location of Nd-rich phases in the GJR have been 

proposed by Nishio et al. [19] and Sepehri-Amin et al. [33]. According to Nishio et al. [19], fcc NdO 

precipitates on the Nd2Fe14B grain-to-GJR interface at high temperatures, and Nishio et al. [19] suggested 

that, �X�S�R�Q���I�L�Q�D�O���D�Q�Q�H�D�O�L�Q�J�����W�K�H���I�F�F���1�G�2���S�K�D�V�H���W�U�D�Q�V�I�R�U�P�V���L�Q�W�R���D���P�L�[�W�X�U�H���R�I���.-Nd and Nd2O3-hcp. Nishio et 

al. [19] proposed that this reaction releases strain energy which causes the formation of amorphous Nd at 

the Nd2Fe14B interface [19], giving the Nd-rich phase morphologies and locations shown in the schematic 

of Figure 2.18. 

 

 

Figure 2.18 GJR schematic theorized by Nishioet al. [19] for the final microstructure of a NdFeB 
sintered magnet where amorphous Nd (dotted pattern) forms at the Nd2Fe14B interfaces 
�D�Q�G�.-Nd (Nd-dhcp) and Nd2O3-hcp form in the GJR center. 

 

 The latter transformation and its possible influence on coercivity are discussed in further detail in 

section 2.2.3. Sepehri-Aminet al. [33] proposed a GJR schematic that is somewhat comparable to that 

suggested by Nishio et al. [19], with Nd-oxides, containing spherical particle shapes, persisting towards 

the center of the GJR region and surrounded by what is referred to as an fcc metallic Nd phase. 

Contrastingly, Sepehri-Amin et al. [33] suggested that the oxides found in the center of the GJR in the 

final microstructure areeither the fcc NdO phase orNd2O3-hcp, whereas Nishio et al. [19] claims that the 

fcc NdO phase should transform completely to Nd2O3-hcp and �.-Nd upon PSA. The final GJR 

morphology suggested by Sepehri-Amin et al. [33] is shown schematically in Figure 2.19. 
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Figure 2.19 Schematic of the final microstructure of a NdFeB sintered magnet. The intergranular 
phase region is shown to be Nd-rich on the inside, and surrounded by a Cu-rich layer 
which contacts the magnetic grains. A thin Cu-rich layer lines the GJR as well. A 
metallic Nd phase is suggestedto form in the GJR corners, and fcc NdOx in the GJR 
center [33]. 

 

 As can be seen from the schematic in Figure 2.19, as well as results reported by Kim et al. [17], 

Cu is believed to play a role in the Nd-rich phase morphology. In addition to the Nd-rich phases, Cu-

containing phases have been detected in the GJRs by various authorsand are expected from the Nd-Fe-Cu 

phase diagram.The existence and effects of Cu within the intergranular regions, such as in Figure 2.19, 

are discussed in later sections. The majority of Cu-containing phasesidentified are Nd-Cu binary 

phases[33,29]. Less is known about the ternary �•phase, however, in the Nd-Fe-Cu ternary diagrams in 

Figure 2.10, as its occurrence is less frequently reported. This ternary phase has been reported by Fidler et 

al. [26], who observed it in the microstructure regularly as large grains. The �•phase has also been detected 

as a small, less than 1��m, phase near GJR corners by Li et al. [32], forming adjacently to a phase rich in 

Nd and Cu �L�Q���D���P�R�U�S�K�R�O�R�J�\���G�H�V�F�U�L�E�H�G���D�V���³�O�D�P�H�O�O�D�U�´. The phase adjacent to �2 was deduced to be NdCu 

and the lamellar layers of the two phases within the GJR corner may be seen in Figure 2.20  [34]. For the 

Nd-Cu binary system, the identified NdCu phase is the most reported, and has been found in multiple 

morphologies. In the TEM studies by Li et al. [34], NdCu was observed as elongated grains. Similarly, 

Kimet al. [30] found alternating layers of Nd-rich and Cu-rich grains near GJR corners (Figure 2.21). 

Although not explicitly stated, the Cu-rich phase in Figure 2.21 is likely NdCu, as Kim et al. [30] 

detected ~40at% Cu in this phase. 

 



 19 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 2.20 TEM energy-filtered jump ratio images of zero loss (a), B K-edge (b), Cu L3-edge (c), Fe 
L2,3-edge (d), Nd N4,5-edge (e), and O K-edge (f) maps of the GJR corner region 
depicting adjacent lamellae of the NdCu and the �• phases [34]. 

 

 
 (a) 

 
 (b) 

Figure 2.21 (a) TEM bright field image and (b) EDX Cu-mapping of a GJR in a NdFeB sintered 
magnet [30]. 

 

 In addition to the lamellar structure, NdCu particles of varying sizes have been detected 

[33,29,26] by methods such as 3-dimensional atom probe (3DAP) as seen in Figure 2.22 [33].These 

precipitates, marked by the red arrows in Figure 2.21(c,d), are again found towards the corners of the GJR 

[29,33]. It is thus reasonable to assume that NdCu plays an important role in the development and 

microstructural control of the intergranular phases. The theorized effects are summarized in section 2.2.3. 

Common characteristics of the intergranular phase are discussed below. 
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 (a) 

 
 (b) 

 
 (c) 

 
 (d) 

Figure 2.22 (a) 3DAP map of Fe, RE = (Nd + Pr), and Cu atoms obtained from the Nd-rich grains in 
an as-sintered sample and (b) atom probe maps of Nd and Cu of the selected volume from 
Cu-rich precipitates marked in (a). High-magnification SEM BSE images from Nd-rich 
phases in (c) as-sintered and (d) annealed sample. Two levels of contrast are observed 
from the Nd-rich phase grains at the GJRs. 

 

 The intergranular phases of the sintered NdFeB magnet are a subject of much debate. There has 

been little universal agreement as to their compositions, crystal structures [17,14], or their magnetism 

[36,33,37]. In recent years, progress has been made to shed light on previously unobtainable composition 

data by utilizing the more precise chemical analysis possible with 3DAP tomography. These studies, 

however, demonstrate how complex and variable these microstructures are in the sintered magnets. For 

example, it was long assumed that the intergranular phase was paramagnetic due to a composition of 

mostly Nd [22,33,1,9,14,10]. Figure 2.23 and Figure 2.24 represent HRSEM BSE and bright field TEM 

images respectively showing a thin, bright phase between the magnetic grains. 

 The bright contrast in SEM denotes the Nd enrichment in the intergranular phase, and is 

representative of a typical intergranular phase region found in the sintered NdFeB microstructure. It has 

been proposed that, in addition to the large amounts of Nd or rare earth elements, smaller amounts of Fe, 

Cu, O, and Co are also present [36,33,37,17]. The Nd-rich composition assumptions are based on 
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HRSEM studies like that of Figure 2.23 and also TEM studies in combination with EDS studies 

[36,17,10], despite the resolution limitations of EDS. 

 

 
 (a) 

 
 (b) 

Figure 2.23 HRSEM BSE images of sintered magnets depicting grain boundary phase morphologies 
that are smooth and continuous [10,33]. 

 

 
 (a) 

 
 (b) 

 
 (c) 

Figure 2.24 HRTEM images at increasing magnification of grain boundary regions for a properly 
annealed magnet containing a smooth, continuous, and amorphous intergranular phase 
[38,22]. 

 

Present day 3DAP data have shown, in contrast, that the grain boundary phase is not exclusively Nd-rich, 

and its composition may differ from inherently paramagnetic compositions [33]. Sepehri-Amin et al. [33] 

and Hono et al. [37] have shown, through 3DAP studies, intergranular phase compositions of and close to 

Nd33Fe64B2Cu1 [37,33]. These findings are illustrated in Figure 2.25. 
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 (a) 

 
 (b) 

 
(c) 

Figure 2.25 (a) 3DAP maps of RE = (Nd + Pr) (green atoms) and Cu (red atoms) of the post-sinter 
annealed sample; (b) atom probe maps of RE, and Cu of the selected volume 
perpendicular to the grain boundary; (c) concentration depth profiles for Fe, RE, B, Co, 
O, Al, and Cu determined from the 3DAP analysis shown in (b) [33]. 

 

 It is worth noting that in the 3DAP studies, there is elemental segregation at the grain boundary 

region [33,36], suggesting that the phase is inhomogeneous across the section analyzed. Thin films 

synthesized from these compositions and holographic TEM studies [27] have been used to deduce that the 

intergranular phases measured are ferromagnetic [10]. Other authors have also found similar 

ferromagnetic compositions [37,33,36]. The discovery that the intergranular phase may be ferromagnetic 

challenges current views as to the prominent mechanism of coercivity improvement, and the ideal 

microstructures to prevent domain wall movement. This topic is further explored in section 2.2.3. It is 

suspected that a Nd-rich composition is more beneficial than that of a ferromagnetic one [36,33,22,34]. 

Despite the lack of information and debate regarding the functions of ferromagnetic intergranular phases, 

researchers have generally come to the consensus that, when properly annealed, the intergranular phase 

exhibits an amorphous structure [33,22,9,19] 1.5-3nm in thickness [33,22,37,9]. This preferred 

intergranular phase morphology is depicted in the TEM studies shown previously in Figure 2.24. Section 

2.2.1 will highlight other microstructural features which occur in an improperly annealed magnet, and 

how they affect coercivity. 



 23 

 
 (a) 

 
 (b) 

 
 (c) 

 
 (d) 

 
 (e) 

Figure 2.26 (a) 3DAP maps of Nd + Pr, and (b) Cu obtained from aGB, and  concentration depth 
profile of the constituent elements obtained from the selected boxes 1�±3(c-e) shown in 
the Cu map in (b) [37]. 

2.2 Obtaining Higher Coercivity in NdFeB Sintered Magnets 

 

 Coercivity is the most important property needing improvement if these magnets are to be 

improved further. In order to increase coercivity, the property describing a magnet�¶s resistance to 

demagnetizing forces, it is critical to understand not only how these magnets are demagnetized in the first 

place, but also how to prevent these demagnetization forces via microstructural improvements. This 

section will address those issues by explaining the fundamentals of the demagnetization processes in a 

sintered magnet, the theoretical models suggestinghowcoercivity counteracts such demagnetization 

processes and, finally, how microstructural features influence the coercivity mechanisms, with special 

attention to the effects of PSA on particular microstructure morphologies believed to specifically improve 

the coercivity. 

2.2.1 Demagnetization Process 

 The demagnetization process in a sintered magnet may be divided into two prominent stages: 

nucleation of reverse domains and domain wall movement. While both are impacted by different 
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microstructural features and influence coercivity mechanisms in distinct manners, they are intimately 

interconnected [39,2,40,10].To understand the coercivity mechanisms summarized in the preceding 

section, it is necessary to understand what a magnetic domain is. First theorized and then discovered [41], 

magnetic domains may be seen in a sintered magnet using Lorentz TEM microscopy[1]and represent the 

magnetic polarization characteristics within the Nd2Fe14B grains [38,41,10].Figure 2.27represents a 

general TEM image showing magnetic domains as seen through Lorentz microscopy, where the arrows 

indicate the domain direction. 

 

 

Figure 2.27 Lorentz TEM image taken (a) across a thin grain boundary, (b) across a grain containing 
a Nd-rich precipitate and (c) the reversal of a magnetic domain across a grain boundary in 
a Nd-Fe-B sintered magnet. 

 

 Given the average size,Nd2Fe14B grains are typically multi-domain structures [1,42,2,38], 

asindicated by the various arrowsin Figure 2.27 [38]. In a properly aligned magnetic grain, each domain 

in the multi-domain configuration will be polarized in the same direction. A magnet with ideal magnetic 

properties contains grains consisting of the same magnetic domain polarization direction. Unfortunately, 

no microstructuresexist that have such domain formation for all the magnetic grains in a sintered magnet 

due to the nucleation of reverse magnetic domains [39,43]. Reverse magnetic domains are those which 

become polarized in the opposite direction compared to the initial induced magnetization direction, and 

tend to nucleate at microstructural imperfections or defects [40,10]. Once nucleated, a reverse magnetic 

domain can expand, and subsequently demagnetize the entire grain from which it nucleated. This 

progression of magnetic grain demagnetization in a sintered magnet is illustrated in Figure 2.28and is 

highly dependent on magnet microstructure. Morphologies which have been shown to nucleate reverse 

magnetic domains are summarized below. 
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Figure 2.28 Illustration of the nucleation of reverse domains in a sintered magnet and the subsequent 
reversal of those grains which contained the reverse magnetic domains, causing 
demagnetization of the magnet[40]. 

 

 It is thought that the majority of nucleated reverse domains stem from interfacial defects or 

irregularities, strain fields, and differences in magnetic parameters between phases [39]. Microstructures 

that facilitate the nucleation of reverse domains are regularly observed in as-sintered magnets or those 

poorly annealed. A reason for the discrepancy between the as-sintered and annealed states can be 

explained in terms of interfacial characteristics. The preferred boundary characteristics that prevent the 

nucleation of reverse magnetic domains will be described in regards to PSA effects further in 

section2.2.3. Typically, and predominantly for the as-sintered condition, non-ideal interface features 

include boundaries that are rough and poorly defined between the Nd2Fe14B phase and the GJR and 

intergranular phases [9,10,22]. Irregularities between phases, especially those involving the intergranular 

phase and Nd2Fe14B phase,have been extensively studied utilizing HRTEM techniques showing atomic 

level resolution such as in Figure 2.29 [22,9]. From Figure 2.29 it can be seen that the intergranular phase 

morphology is not smooth, and it is considered probable that reverse magnetic domains would nucleate 

from the roughest areas with larger interfacial energies [22,9,44]. 

 Figure 2.30 further illustrates the prominence of irregular interfaces in the as-sintered or 

improperly annealed condition. Many of the underlying defects causing such boundary characteristicsin 

the as-sintered magnet are theorized to originate from the surface of the Nd2Fe14Bgrains [44,10,19], a 

result of oxygen impurities, stressing the importance of atmosphere control during manufacturing [19]. 
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(a) 

 
(b) 

Figure 2.29 HRTEM images of intergranular regionsin a NdFeB sintered magnet showing undulated 
boundaries [22]. 

 

 
(a) 

 
(b) 

Figure 2.30 (a)Illustration of interfacial control over reverse domain nucleation by the elimination of 
rough interfaces. (b) HRSEM BSE image depicting intergranular regions considered 
rough and inhomogeneous where reverse magnetic domains would likely nucleate [2,9]. 

 

 Overall manufacturing parameters intimately influence the nucleation of reverse magnetic 

domains not only from the perspective of clean versus rough interfaces, but also due to the stresses and 

strains produced. The introduction ofstrain fields formed by the presence of precipitates within the 

magnetic phase [22] and misaligned Nd2Fe14B grains [39] may be domain reversal sources, as well as 

residual stresses left from quenching [45] and thermal expansion effects [46]such as cracking from 

improper annealing temperatures [47]. Solidification factors further prove important due to the phases 

which result fromdifferentcooling rates[45]. Because sintered magnet microstructures are sointricate, it is 

not surprising that consistency in secondary phases is difficult to achieve, especially considering the 

complexity of the phaseequilibria involved. Magnetically, the phase distribution is quite important and it 

is favorable to have manufacturing conditions that eliminate the presence of soft magnetic phases as these 

provide nucleation sites for reverse magnetic domains [9]. Nonmagnetic precipitates within Nd2Fe14B 

grains can also nucleate reverse magnetic domains [39] by locally forming areas of low magnetic-
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anisotropy [40,45,39,10,44,48,49],and thus stray magnetic fields [10,48]. 

 Once microstructural features like those described above nucleate a reverse magnetic domain, the 

domain expands and forms what is called a domain wall [50,40]. This domain wall can then progress, 

demagnetizing each grain as it passes from one to the next [50,19,40]. Furthermore, the domain reversal 

process is expedited into a cascading effect of demagnetization due to exchange coupling [22,40,19]. 

Exchange coupling can occur when two adjacent grains of Nd2Fe14B are in direct contact or the 

intergranular phase separating the two grains is ferromagnetic [44]. Essentially, exchange coupling will 

cause instantaneous demagnetization from the reversed grain to the exchange coupled one [50,10,48,49]. 

2.2.2 Coercivity Mechanisms 

 In order to prevent the motion of domain walls and therapid demagnetization of the Nd2Fe14B 

grains, domain wall pinning must occur. Similar to the nucleation of reverse magnetic domains, domain 

wall pinning is directly related to microstructure, albeit affected by different factors [40,22]. The 

coercivity enhancing mechanisms in a sintered magnet involve a combination of both domain wall 

pinning and reduction of reverse magnetic domains [1,45,9]. Until recently, however, it was believed that 

prevention of reverse magnetic domain nucleation was the overriding mechanism of coercivity 

enhancement [38,22,19,2,50,1]. With the discovery of ferromagnetic intergranular phase compositions, 

that view is being challenged, due to the expected increase in exchange-coupling [33,45,44]. Greater 

exchange coupling occurrences would place added importance on microstructural features which provide 

domain wall pinning [47,33,44]. However, because each coercivity mechanism requires different phase 

morphologies, it is difficult to optimize the microstructure when the more important coercivity 

mechanism is unknown. 

 For example, if domain wall pinning is the dominant mechanism for coercivity improvement, 

precipitates within the magnetic phase could provide meaningful pinning sites [22]. Nd2Fe14B grains are 

mostly defect free, allowing easy movement of the domain wall through the grain. Precipitates would help 

to pin the domain wall in thegrain, before exchange coupling could take effect [22]. On the other hand, if 

prevention of reverse magnetic domain nucleation is governing, a microstructure without the precipitates 

would be preferred in order to eliminate strain and stray magnetic fields that may originate from them 

[39,22]. Thus, it is pertinent to evaluate sintered magnet microstructures and determine which 

morphologies are key to improving coercivity and to better understand the underlying coercivity 

mechanisms [22]. 

 Mentioned earlier in the introduction and in Section 2.1.2, many of the morphologies which are 

noteworthy to coercivity improvements result from PSA treatments. The exact connections between the 

microstructural changes which occur during PSA and the coercivity mechanisms affected by the new 
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morphologies or phases are still poorly understood. The following section summarizes changes in 

microstructure from PSA and some established theories to the specific formation methods of the features 

thought to impact coercivity in relation to both nucleation of reverse domains and the domain wall 

pinning effect. 

2.2.3 Microstructural Influences on Coercivity from PSA 

 PSA affects the NdFeB sintered magnet in multiple ways, influencing coercivity on several levels 

according to the different microstructural modifications taking place. This section focuses the 

microstructural effects of PSA in terms of the GJR and the intergranular phase, and the theories behind 

how each modification corresponds to the respective coercivity mechanism. Furthermore, the significance 

of Cu in the PSA is emphasized as a critical element to enable the favored microstructural 

changeshypothesized to be beneficial to coercivity.  

The most studied microstructural effect of PSA in sintered magnets revolves around changes to 

the intergranular phases. Stated earlier in section 2.1.3, intergranular phase formation is a topic of much 

debate. While some authors postulate that the intergranular phase results from solid state transformations 

involving diffusion of elements [9] or restrictions on crystal structure [11], most researchers agree that 

grain boundary wetting from melted phases within the GJR is the leading process. The presence of Cu 

lowers the melting temperature of the GJR phases due to the eutectics formed in the Nd-Fe-Cu ternary 

and Nd-Cu binary systems [19,10,17] allowing melting to occur during the PSA [29]. Cu also 

significantly aids in the wetting behavior of the liquid [19,17,30]�H�Q�D�E�O�L�Q�J���W�K�H���O�L�T�X�L�G�¶�V���D�G�Y�D�Q�F�H�P�H�Q�W���L�Q�W�R��

the grain boundary regions between the Nd2Fe14B grains via capillary motion [29,17,10]. Sepehri-Amin et 

al. [29] found that Cu-rich phases were less abundant in GJRs after PSA, proposing the Cu had 

segregated to the grain boundaries during PSA. The grain boundaries after PSA emerge as smooth, 

continuous thin layers of intergranular phase as discussed in section 2.1.3, and has been suggested to 

�³�F�O�H�D�Q���X�S�´���W�K�H���V�X�U�I�D�F�H���S�U�H�V�H�Q�W���R�Q���W�K�H���1�G2Fe14B grain in the as-sintered state [9,2,19,22,18]. Additionally, 

it is suspected that the intergranular phase development alleviates strain energy [9] from the distortions of 

any rough interfaces between grains [22], and that amorphous structures accommodate the excess strain 

energy better than crystalline ones [44,18]. Therefore, ideal grain boundary phase formation from PSA 

prevents a substantial amount of reverse domain nucleation [18]. 

Moreover, the composition of the intergranular phase formed during PSA plays a considerable 

role in domain wall pinning [47,2,10]. An Nd-rich intergranular phase is theorized to be the most desired 

[34,10,9], tending to be amorphous and magnetically isolating [10,9,17] due to its paramagnetic and 

consequently inherent, decoupling effect [10,9]. Both features, the larger difference in magnetic 

anisotropy from the intergranular phase to the Nd2Fe14B [10,48,49], and the amorphous, as opposed to 
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crystalline, structure, provide the strongest pinning sites for domain wall movement [47]. On the other 

hand, through TEM Lorentz microscopy studies, researchers have found that, while ferromagnetic 

compositions allow exchange coupling between Nd2Fe14B grains, adequately thick grain boundary layers, 

greater than 10 nm, are also capable of domain wall pinning [36]. These thicker boundary layers are 

crystalline [22,14], which are again less preferable for domain wall pinning as compared to amorphous 

structures. However, Shinbaet al. [22] showed that the crystalline intergranular phases exhibit a simple 

orientation relationship with the neighboring Nd2Fe14B grain, this is presumed to help prevent reverse 

domain nucleation. An example of this simple orientation relationship is presented in Figure 2.31. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 2.31 HRTEM images (a) and (c) and SAD patterns, (b) for image (a) and (d) for image (c), of 
an interface between a Nd2Fe14B grain and relatively large fcc Nd-rich region, showing 
that the Nd2Fe14B grain and fcc Nd-rich phase exhibit a well-defined orientation 
relationship: in (a) (111)Nd2Fe14B||(111)Nd-rich �>�2221]Nd2Fe14B||�>�2211]Nd-rich and in (c) 
(010)Nd2Fe14B||(���211)Nd-rich [001]Nd2Fe14B||[110]Nd-rich [22]. 

 

Orientation relationships formed during PSA may be even more relevant in the GJRs [44,22]. 

PSA could restructure the GJR phases by phase transformations [17,30]. Orientation relationships 

established from PSA could relieve strain fields [22] and �F�U�H�D�W�H���³�F�O�H�D�Q�H�U�´���L�Q�W�H�U�I�D�F�H�V���Z�L�W�K���W�K�H���1�G2Fe14B 

phase [22] which may have been irregular from rapid cooling steps after sintering [45, 22]. Improvements 

in coercivity from GJR morphology changes thus are correlated to reverse magnetic domain nucleation 

prevention [22]. Multiple authors have suggested, by means of TEM diffraction analysis, orientation 

relationships between the GJR phases and Nd2Fe14B grains, but the results tend to be inconsistent between 

studies. 
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In addition to orientation relationships, effects on interface characteristics [22] induced by PSA 

have been speculated to occur [17,30]. Researchers have predicted that certain Nd-rich phases create more 

lattice mismatch, even when taking into account proposed orientation relationships, than others in the 

GJR-Nd2Fe14B interface [44,25,51] such that the location and type of Nd-rich phases in the GJR affect 

coercivity and the nucleation of reverse domains [44,25,17]. The following paragraphs provide a 

summary of theories about the phases and microstructural changes produced by PSA believed to be 

beneficial by preventing the nucleation of reverse magnetic domains at Nd2Fe14B interfaces. 

Matsuura et al. [18] found evidence that PSA not only can form an amorphous intergranular 

phase, but there also exists a similar type amorphous phase, 4nm and Nd-rich, that develops and separates 

the Nd2O3-hcp phase in the GJR from the Nd2Fe14B grains [18]. The Nd2O3-hcp phase is undesirable [44] 

and considered to cause large lattice mismatch with Nd2Fe14B grains [51,44,49]. Matsuuraet al. [18] 

concluded that the Nd-rich amorphous layer hence prevents Nd2O3-hcp from contact with Nd2Fe14B 

grains, inhibitingreverse magnetic domain nucleation [18]. The TEM studies formulating the theory are 

shown in Figure 2.32, where an amorphous layer separating the Nd2O3-hcp grain from the Nd2Fe14B grain 

has appeared in the magnet with increased coercivity after PSA.  

 

 
(a) 

 
(b) 

Figure 2.32 (a) HRTEM images showing the Nd2O3-hcp phase in a GJR, determined by SAD 
patterns, separated from contacting the magnetic grain by an Nd-rich amorphous layer 
proposed to have formed during PSA [18]. (b) Higher magnification of (a). 

 

Unlike Matsuura et al. [18], Fukagawa et al. [11] did not find an amorphous layer at the interface 

of the GJR and the Nd2Fe14B grains, but came to comparable conclusions concerning favorable phase 

transformations generated from the PSA. Fukagawa et al. [11] suggested �W�K�D�W���3�6�$���F�D�X�V�H�V���.-Nd to 

transform to fcc NdOx, which is thought to have more favorable lattice matching with the Nd2Fe14B phase 

�W�K�D�Q���.-Nd [49]. Additionally, many authors agree �W�K�D�W���.-Nd is detrimental to coercivity [25,11,51,49] and 

Fukagawa et al. [11] attributes its supposed replacement by the fcc NdOx phase during PSA to be the 

cause of interfacial strain reduction at the GJR-Nd2Fe14B interface and correspondingly higher coercivity 

[11,22]. 
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The last theory presented in this section attributes PSA coercivity enhancements and reduction of 

reverse magnetic domains specifically to Cu-enrichment. Kim et al. [30,17] believes that Cu promotes 

Nd-rich phase transformations, reducing strain energy from lattice misfit between the Nd2O3-hcp and 

Nd2Fe14B interface. Kim et al. [30,17] specifically suggests that Cu diffuses to Nd2O3-hcp interstitial sites 

during PSA, relieving lattice misfit strain with Nd2Fe14B by forming the metastable Nd2O3-cubic phase 

[30] whose lattice matches better with Nd2Fe14B [49]. The interfacial strain energy reduction would 

minimize the probability of reverse domain nucleation [30,17,49].Kim et al. [30,17] supports these claims 

using phase analysis from SAD patterns and EDS maps indicating Cu enrichment in the GJRs, but the 

study remains very speculative. 

2.3 Magnetic Annealing 

 

 The use of a high magnetic field during processing has been a recent technique explored in order 

to acquire increased control over the microstructure of magnets. Magnetic field annealing or 

thermomagnetic annealing, in place of a traditional PSA has been of particular interest to the development 

of sintered NdFeB magnets. Magnetic fields are of interest to magnetic materials because the magnetic 

phases, even in the paramagnetic state at higher temperatures, can interact with the magnetic forces and 

torques of a steady magnetic field, influencing crystal orientations and phase transformations[54]. As 

discussed in the previous section, the coercivity mechanisms of PSA are debated and a complete picture 

has yet to be decided. Therefore, changes incurred from thermomagnetic annealing could help to elucidate 

key coercivity mechanisms through subsequent microstructural analyses. This section examines the 

current effects of magnetic fields on the microstructure in terms of anisotropy and the techniques used to 

assess texture in sintered NdFeB magnets, the magnetic field effect on phase equilibria and solidification, 

as well as general magnetic property improvements discovered by authors related to sintered magnets. 

2.3.1 Magnetic Field Effects: Microstructure and Anisotropy 

 One of the more relevant effects that has been shown to occur as a result of magnetic fields at 

elevated temperatures involves texturing of materials. Due to the magnetic interaction of particles with 

magneto-crystalline or shape anisotropy, crystallographic texture may develop [54]. This anisotropy 

progression is discussed in theory and through previous studies, and the techniques used to understand 

texture specifically in sintered NdFeB magnets are reviewed as well. 

 Thermomagnetic treatments have different impacts depending on the magnetism of the phases 

[54]. Because many phases are in the paramagnetic state in a sintered magnet at typical annealing 

temperatures, or in other �Z�R�U�G�V���W�H�P�S�H�U�D�W�X�U�H�V���D�E�R�Y�H���W�K�H���S�K�D�V�H�V�¶���&�X�U�L�H���W�H�P�S�H�U�D�W�X�U�Hs, it is possible to 

examine texturing as a result of finite magneto-crystalline anisotropies [54,57,59]. While small, these 
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anisotropies cannot be ignored in a high magnetic field [54,58], and the phase may be subject to induced 

texture [54,57,58] in which the axis of highest magnetic susceptibility prefers to align along the field 

direction [54,60,57,58]. Alignments such as these often rely on field energies being able to overcome 

torques [57] originating from viscous effects in liquid phase sintering [60,57], shape anisotropies 

[60,55,54,57], and the thermal agitation effect [55,57,58] which increases with annealing temperature 

[60]. For preferential alignment in a field, the combination of these effects must be suitable.  

 It has been revealed that texturing of phases from magnetic annealing increases in both NdFeB 

systems and others [54,55,56,61]. Wang et al. [61] found that thermomagnetic treatments increased the 

texture of the Nd2Fe14B phase in NdFeB ingots, although this effect was limited to regions nearest to the 

magnet surface [61]. In theory, Nd2Fe14B grains should be able to rotate during magnetic field annealing 

because both the liquid matrix reduces friction and the equiaxed shape of the grains reduces shape 

anisotropy effects [60,57,62]. Furthermore, other phases with suitable magnetic anisotropies in the 

NdFeB microstructure may also be affected by thermomagnetic annealing. For phases with significant 

shape anisotropies, a larger field could be used to overcome this added torque energy and align the long 

axis of the grain to the applied field direction [57]. Additionally, ferromagnetic phases would respond 

more extensively to alignment in a magnetic field compared to paramagnetic phases [54]. 

 Because the texture of sintered magnets as well as crystallographic orientation relationships can 

dictate coercivity mechanisms and improvements, it is imperative that the possible texturing effects from 

magnetic field annealing be understood. At the moment, most orientation relationships established or 

proposed have been from TEM studies. To better understand magnetic field texturing of phases in the 

sintered magnet, a technique with a scale more suitable to analyzing the entire GJR must be employed. 

EBSD provides suitable resolution and sampling areas, but has only minimally been used to characterize 

sintered NdFeB magnets. The previous EBSD research that has been published is summarized below. 

 Woodcock et al. [31] demonstrated that EBSD is a valuable technique for phase identification 

and texture analysis in sintered NdFeB magnets. An example of this work was presented in Figure 2.15 

from section 2.1.3�����:�K�L�O�H���W�K�H�U�H���Z�D�V���V�R�P�H���G�L�I�I�L�F�X�O�W�\���L�Q���L�Q�G�H�[�L�Q�J���E�H�W�Z�H�H�Q���.-Nd and Nd2O3-hcp, which 

resulted from similar lattice parameters, and between cubic phases, Woodcock et al. [31] successfully 

characterized a typical sintered NdFeB magnet. Using semi-automatic indexing and combining with EDS, 

the expected <001> texture of the Nd2Fe14B grains was demonstrated and it was concluded that the other 

phases indexed, mainly Nd2O3-hcp, NdO-fcc, Nd1.1Fe4B4, had no apparent texture [31]. Similar studies by 

Haugen et al. [64] and Sawatzki et al. [65] confirmed that EBSD is a valuable and statistically reliable 

technique to examine the texture of Nd2Fe14B grains. It is worth mentioning, however, that supplemental 

compositional analysis methods are necessary for secondary phase identification [64,65]. The EBSD 
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texture results from Haugen et al. [64] and Sawatzki et al. [65](Figure 2.33(a) and Figure 2.34(b), 

respectively) are quite similar to some EBSD results in this study as will be reported in Section 5.3.1. 

 

 
(a) 

 
(b) 

Figure 2.33 (a) EBSD scan (left) and respective IQ map (right). The bright particles were identified as 
oxides [64]. (b) EBSD orientation maps of (Nd,Dy)2(Fe,Co)14B grains for sintered 
samples with varying Dy contents. The color codes show which crystallographic 
directions are oriented out of the plane of the image [65]. 

 

2.3.2 Magnetic Field Effects: Solidification and Phase Equilibria 

 Magnetic field annealing can have substantial effects on phase equilibria and solidification. The 

added magnetic driving force contributes to Gibbs free energy [54,55,56], which affects phase stability 

and the kinetics of the phase transformations [56,55], and should be carefully considered in phase 

formation analyses. An example of alterations from applied magnetic fields may be seen in the FeCo 

alloy system in Figure 2.34, where the free energy of ferrite is reduced in the magnetic field to a greater 

extent than austenite [54]. 

 

 

Figure 2.34 Schematic Gibbs free energy vs. temperature plot for both the ferrite and austenite phase 
with and without an applied magnetic field [54]. 
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 Large modifications in phase transition temperatures, up to 2°C/Tesla, are expected for 

ferromagnetic components in the system subjected to magnetic field annealing [54]. It has also been 

found that the presence of a magnetic field at elevated temperatures can account for slower 

recrystallization rates [56], resulting in refined microstructures [55] and solidification of phases with 

higher aspect ratios [54]. Moreover, magnetic fields can induce phase separation in the liquid state for 

components with different magnetic susceptibilities [57]. Reasons for phase separation also include 

dampening effects on convection from the magnetic field [66] and slowed diffusion of elements [67]. 

2.3.3 Magnetic Field Effects: Coercivity Effects 

 Previous magnetic annealing experiments conducted on sintered NdFeB magnets have focused 

entirely on magnetic properties and their correlation with DSC experiments. As discussed in section 2.1.2, 

DSC heating curves are used to detect and analyze melting temperatures for complex phase systems by 

locating endothermic peaks, many of which also tend to correspond with binary or ternary eutectic 

temperatures. For example, Kato et al. [20] have shown the importance Cu and Al, thought to assist in the 

wetting behavior, with DSC studies (heating curves) shown in Figure 2.35(b)[20]. The endothermic peaks 

correspond to the Nd-Cu and Al-Cu system eutectic temperatures [20]. Kato et al. [20] reported that the 

magnets thermomagnetically treated at these temperatures were the only samples to have increased 

coercivity when compared to the control studies with traditional PSA, shown in Figure 2.35(a)[20]. 

 

 
(a) 

 
(b) 

Figure 2.35 (a) Demagnetization curves for samples A and B (sample A contains Al additions while 
sample B has both Al and Cu additions) annealed at 500°C and 550°C. The field applied 
during annealing was 140 kOe for the zero-field-cooled (ZFC) and field-cooled (FC) 
samples, and 0 kOe for the control samples. (b) DSC data for magnets A and B [20]. 
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 There seems to be less consistency in improvements by magnetic field annealing in the findings 

from Akiya et al. [59], but likewise, coercivity enhancements were reported for Cu and Al containing 

samples. Akiya et al. [59] found the largest coercivity increase was in the presence of a magnetic field at 

550°C. These studies are represented in Figure 2.36 and show close similarities of melting temperatures 

to the eutectic temperatures, such as detected by Kato et al. [20].Additionally, studies by Kato et al. [58] 

show magnetic hysteresis results (Figure 2.36(a)), indicating an enhancement in coercivity for Cu and Al-

containing samples (Samples A and C in Figure 2.36). Compositions of the samples used in this study are 

given in the table in Figure 2.36(b).  

 

 

  
(a) 

 

  
(b) 

Figure 2.36 Coercivity, Hc, plotted against the annealing temperature, Ta, for samples A-D which 
have varying Cu and Al contents. The field applied during annealing was 140kOe for the 
zero-field-cooled and field-cooled samples, and 0kOe for the control samples. (b) DSC 
data for the magnets A-D [59]. 

 

 The increases in coercivity in the thermomagnetically-treated samples are attributed to magnetic 

field effects which take place in the samples annealed closer to the eutectic temperatures [59,20]. The 

magnetic field effects would be amplified closest to the eutectic temperatures due to reduced thermal 

agitation [59]. The reason proposed for the coercivity improvement is considered to be related to the 

field-induced alignment [59] effect concerning the Nd-rich phase, NdO2, in the eutectic melt [58]. It is 

hypothesized that alignment in the magnetic field will cause more agreeable lattice matching with the 

interface of the Nd2Fe14B phase in the GJR [58,20,59] The magnetic anisotropy energy has been 

estimated for NdO2 by Kato et al. [58] who calculates that a magnetic field of 14T may align grains of 

NdO2 as small as 15nm [54,20]. 

 



 36 

 

(a) 

 

(b) 

Figure 2.37 (a) Demagnetization curves for sample A and C, compositions shown in (b), annealed at 
550 °C, measured at room temperature. The letters SC and RC denote slow and rapid 
cooling modes, respectively. The field applied during annealing was 140 kOe for the 
zero-field cooled and field cooled samples, and 0 kOe for the control samples [58]. 
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CHAPTER 3: EXPERIMENTAL DESIGN 

 The basis of this study,briefly addressed in the introduction, is to support efforts to establish 

better manufacturing methods which increase the coercivity of Nd-Fe-B sintered magnets, reduce the 

need for expensive rare earth element additions, and to increase Nd-Fe-B sintered magnet operating 

temperatures for enhanced performance and expanded application. On a basic level of experimental 

design, theCritical Materials Institute (CMI) project team is attempting to discover specific routes 

tomagnetic property improvements resulting from the use of magnetic fields during PSA. Expanding on 

that design is the challenge of using this study and any effects on microstructure and magnetic properties 

to understand the coercivity mechanisms of the Nd-Fe-B sintered magnet, as they are still poorly 

understood. The thesis research thus involves microstructural characterization to evaluate the processing 

response of the magnets provided by the project team. This section summarizes how the experimental set 

up aims to develop property improvements, modify microstructure, and determine thecoercivity 

mechanisms. Objectives are discussed in terms of the hypotheses for the magnetic processing effects and 

the microstructural characterization stepsused to confirm them.  

 

3.1 Objectives of Magnetic Field Annealing 

 

 A major obstacle in the use of magnetic field annealing is the interpretation of how to most 

effectively use the method to produce microstructural improvements and, furthermore, to discover what 

magnetic property improvements actually result from. There is not a clear understanding of the exact 

effects that the magnetic field has in the post-sinter annealing (PSA) on, in particular, the sintered magnet. 

Theories have been developed, discussed in section2.3.3, but remain largely unsubstantiated. Thus, 

anobjective of this study is toconsider previousassumptions and to develop new ideas based on new 

observations. The intent of this thesis is to therefore use advanced characterization techniques to elucidate 

the magnetic field effects, and to determine whether they can contribute to future manufacturing process 

optimization. The characterization techniques, and the specific objectives behind each, are discussed in 

the next section.  

 Generally speaking, the aim of magnetic field annealing is to impact the 

crystallographicorientationand influence the solidification of the microstructural components in both the 

matrix grains and the GJR. Orientation relationships are expected to influence the coercivity of magnets, 

and magnetic field annealing may promote orientation relationships which improve coercivity. 
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Orientation relationships that improve coercivity could also confirm the importance of the nucleation of 

reverse domains, in comparison to microstructural morphologies that contribute by pinning of domain 

walls. Alterations to phase diagrams and phase stability are also considered to be affected by magnetic 

annealing[56,55]. Therefore, careful characterization of the GJR phase types is necessary to determine 

any differences resulting from an applied magnetic field during annealing. For example, phase diagram 

alterations which produce phases of paramagnetic nature could be beneficial, as opposed to ferromagnetic 

phases in the GJR which could cause exchange coupling between magnetic grains. 

3.2 Research Design 

 

 This project involved substantial collaboration with both Oak Ridge National Laboratory (ORNL) 

and Ames National Laboratory (Ames) and was focused on developing a processingtechnique which can 

be easily incorporated into already established manufacturing processes through the addition of a final 

optimization step. Therefore, commercial grade Dy and Dy-free magnets were used. The program 

included utilizing high magnetic field processing capabilities at ORNL for thermomagnetic annealing, 

magnetic property examination at Ames, and microstructural evaluation at the Colorado School of Mines 

(CSM). 

3.2.1 Materials 

 Commercial magnets were obtained for this study, produced by Zhejiang Magnet Company. Two 

grades were selected, the N38 and N38SH magnets, which were chosen from a larger study of magnet 

grades, having the least, Dy-free, and most Dy additions, respectively. The commercial grade magnet 

with the highest Dy additions was expected to be influenced the most by the magnetic field, and thus 

differences in magnetic properties between Dy and Dy-free magnets caused by magnetic field annealing 

were expected to be exhibited best in the N38 and N38SH magnets.  

 All commercially obtained samples were cut prior to processing treatments, to approximate 

dimensions 2.5mm x 2.5mm x 5mm. The magnets were intended to be machined such that the longest 

dimension coincided with the expected c-axis of the magnetic phase. The samples in this study consisted 

of the as-received (AR) sample which wascommercially obtained, a thermally treated (HT) sample which 

washeat treated without a magnetic field, and athermomagnetically treated (MT) sample which was heat 

tread in a 9T magnetic field. Processing parameters chosen for the thermal and thermomagnetic 

treatments are discussed in the next section.  
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3.2.2 Processing Parameters 

 In order to choose the experimental parameters including magnetic field strength, heat treatment 

temperature, and cooling rates, preliminary tests were conducted. DSC measurements were conducted at 

ORNL to identify the temperature most suited for the PSA treatments. A small endothermic peak, likely 

coinciding with a eutectic reaction, was observed at approximately 550°C. Thus, processing treatments 

were performed slightly above this temperature. Magnets were annealed at 580°C and 610°C. Lower 

coercivities resulted from the 610°C treatment and therefore 580°C was used for the PSA temperature in 

this study. For processing, a tube furnace was used and samples were encapsulated inquartz tubes filled 

with argon. The cooling rates chosen were found by trial and error, and the cooling rate giving the largest 

coercivity in the thermally annealed N38 specimen, as measured by Ames, was selected. These results 

may be seen in Figure 3.1 

 

 

  

Figure 3.1 The effect of cooling rates on coercivity from post sinter annealing of the N38 magnet. 
Cooling rates tested include 0.32°C/s, 0.08°C/s, and 0.02°C/s. 

 

 The cooling rate shown by the 2 hour cooling time, 0.08°C/s, resulted in the highest coercivity 

and was chosen for this study. The highest magnetic field strength available was chosen, 9T, as it was 

expected that this would most influence microstructure and magnetic properties. Microstructural analysis 

was conducted at CSM where phase identification, morphology, texture, and GJR compositions were 

examined. The specific characterization objectives and procedures used for the microstructural analysis 

are further detailed in the next section.  

3.3 Microstructural Characterization Objectives 

 

 It has been proposed that thermomagnetic treatments of commercially sintered Dy-free and Dy-

containing Nd-Fe-B type magnets can influence texture of the Nd2Fe14B magnetic phase and theNd-
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oxidegrains, which may affect orientation relationships and the intrinsic coercivity of the 

magnet[58,20,59]. These effects are expected to be amplified by Dy additions due to the increase in 

magnetic susceptibility [58,20]. In order to examine these claims, careful characterization of the 

microstructure was performed to identify the phases present, using techniques such as scanning electron 

microscopy (SEM) imaging, backscatter electron (BSE) imaging, and energy-dispersive spectroscopy 

(EDS) spot mode analysis. Characterization of the GJR, specifically, involvedhigh resolution SEM 

(HRSEM) imaging, BSE imaging, EDS mapping analysis, and electron backscatter diffraction (EBSD) 

analysis. EBSD analysis was used to analyze the texture and orientation of phases in orderto identify 

those phases unidentifiable by EDS (e.g. oxides). The phases in the GJR as well as the Nd2Fe14B 

magnetic phase were characterized in terms of texture using extensive EBSD analyses.  

 Phase identification and crystallographic relationships were used to understand formation of these 

phases during PSA and relate any differences to processing variations. In an effort to support the 

interpretation of mechanisms of microstructure evolution, the general compositions for GJRs were 

estimated using the analysis of the data collected from the HRSEM BSE imaging, EDS mapping,as well 

as literature. Proposed solidification schemes of the liquid present during thermomagnetic and thermal 

processing were made based onthe compositional analysis of the GJRs, liquidus phase diagrams and 

appropriate isotherms, and texture results of secondary phases.  

 Lastly, the ultimate objective was to use conclusions from this research to recommend the 

dominating coercivity mechanism best fitting the data, and to use this information to assess the viability 

of incorporating thermomagnetic treatments into the manufacturing process. 
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CHAPTER 4: EXPERIMENTAL METHODS 

 This section addresses the procedures used in specimen preparation and data collection 

(microstructural characterization). The development of sample preparation for advanced GJR 

characterization is detailed, as well as the analysis procedures used for EBSD texture evaluation and 

compositional analysis.  

4.1 Sample Preparation 

 

 Two different sample preparation methods were used for microstructural characterization. 

Traditional mechanical polishing was used for sample preparation for EBSD magnetic phase texture 

analysis, described in Section 4.1.1, while cross-sectional polishing was used for the preparation of 

samples for high resolution EBSD analysis and HRSEM imaging of GJRs, described in Section 4.1.2.It 

was determined that mechanical polishing was inadequate for the latter (GJR characterization), and the 

development of the cross-sectional polishing technique in place of traditional sample preparation is 

further detailed below in section 4.3.  

4.1.1 Mechanical Polishing 

 Mechanically polished samples were first mounted on aluminum stubs using super glue as an 

adhesive. One of the four 2.5mm x 5mm faces was arbitrarily chosen for mounting, such that the polished 

surface was parallel to the magnetization direction, i.e. the c-axis of the magnetic phase. The samples 

were polished using isopropyl alcohol to prevent oxidation and SiC paper with 240, 320, 400, 600, 800, 

�������������D�Q�G���I�L�Q�D�O�O�\�������������J�U�L�W�����7�K�H���V�D�P�S�O�H�V���Z�H�U�H���W�K�H�Q���G�L�D�P�R�Q�G���S�R�O�L�V�K�H�G���X�V�L�Q�J�������P���������P�����D�Q�G���O�D�V�W�O�\�������P��

solutions�����7�K�H���I�L�Q�D�O���S�R�O�L�V�K�L�Q�J���V�W�H�S���L�Q�F�O�X�G�H�G�������K�R�X�U�V���R�I�������������P���F�R�O�O�R�L�G�D�O���V�L�O�L�F�D���S�R�O�L�V�K���R�Q���D���9�L�E�U�R�P�H�W�Š��

vibratory polisher. 

4.1.2 Cross-sectional Polishing 

 Cross-sectionally polished samples were placed in the mount of the JEOL IB-0910CP cross-

sectional polisher and aligned such that the Ar ion mill gun would polish an area on one of the four 

2.5mm x 5mm faces, and thus the polished surface would be parallel to the magnetization direction, i.e. 

the c-axis of the magnetic phase. Once properly aligned, the chamber was evacuated, the sample was ion 

milled for a total of 7 hours at 3.5KeV. The cross-sectionally polished samples were immediately 

examined in the JEOL JSM-7000F Field Emission Scanning Electron Microscope (FESEM). A schematic 

representing the setup used for the cross-sectional polisher is shown in Figure 4.1. 
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Figure 4.1 A schematic of the JEOL cross-sectional polisher setup. 

4.2 Data Collection 

 

 General SEM and BSE images were recorded using an accelerating voltage of 20KeV and a 

working distance of 10mm. The mechanically polished samples were examined in either an FEI Quanta 

600i Environmental SEM or a JEOL JSM-7000F. Cross-sectionally polished samples were imaged 

exclusively in the JEOL 7000 FESEM. EDS maps of the GJRs were obtained in the JEOL FESEM while 

EDS spot analyses were conducted in both microscopes. EBSD was conducted using the JEOL 7000. 

These techniques are further detailed below. 

4.2.1 EDS Data Collection 

 EDS data collection was taken in both spot and mapping modes. For the spot mode data 

collection, a dead time of 40 % was used, dwell time of 60 seconds, and voltage of 20KeV. EDS map 

collection also used 20KeV. A dwell time of 200 seconds was used in conjunction with a resolution of 

���������������P���S�L�[�H�O�����D�Q�G���F�R�O�O�H�F�W�Hd on a 256x256 matrix for map collection. EDS maps were collected for the 

elements Nd, Fe, Cu, Al, Nb, O, and Dy for the N38SH samples. 

4.2.2 EBSD Data Collection 

 EBSD was conducted on both mechanically polished and cross-sectionally polished samples. 

Cross-sectionally polished samples were placed in a vice-grip before insertion into the FESEM. 

Mechanically polished samples were grounded using carbon tape, and placed in a 32mm mount. Each 

sample was examined at 0° tilt and then was rotated to give a 70° angle from the incident beam to the 

sample surface. The 70° tilt is standard for EBSD analysis and is necessary to produce the EBSD patterns. 

Once tilted, GJRs and magnetic phase areas were found that exhibited well indexable phases. Phases were 
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deemed indexable through Kikuchi band clarity and confidence index results using the known Nd2Fe14B 

and Nd-oxide crystal structures. Data were collected using TSL OIM EBSD data collection software. 

Parameters for data collection included a working distance of 15mm, step siz�H���D�Y�H�U�D�J�H���R�I���������������P���I�R�U��

GJRs �D�Q�G�����������P���I�R�U���P�D�J�Q�H�W�L�F���S�K�D�V�H���(�%�6�'���G�D�W�D���F�R�O�O�H�F�W�L�R�Q�����D�Q�G���D���Y�R�O�W�D�J�H���R�I�������.�H�9��Figure 4.2represents 

the EBSD setup used to collect texture and orientation data.  

 

  

Figure 4.2 Schematic illustration of the EBSD setup which shows the 70° angle from the incident 
beam to the sample surface which was necessary to produce and collect EBSD patterns. 

 

4.3 Development of Characterization Techniques 

 

 Samples prepared for microstructural evaluation were first mechanically polished by traditional 

means, described in detail in Section 4.1.1. Shown below in the BSE images, Figure 4.3 represents the 

typical microstructure of the mechanically polished N38 and N38SH magnets. The brightest contrast 

regions are the Nd-rich phases in the GJRs and the intergranular phase. The darkest majority contrast 

�L�Q�G�L�F�D�W�H�V���D�U�H�D�V���Z�K�L�F�K���D�S�S�H�D�U���W�R���E�H���Y�R�L�G�V���Z�K�L�O�H���W�K�H���O�D�U�J�H�U�����a�������P�������P�H�G�L�X�P���F�R�Q�W�U�D�V�W���J�U�D�L�Q�V���D�U�H���W�K�H��

magnetic phase. 

 Further investigation of these microstructures, as well as closer examination of the GJRs from 

these samples, showed features (described below) indicating that the traditional mechanical polishing 

route is an inadequate preparation technique for the characterization of sintered magnets. These concerns 

were confirmed after preparing samples with the JEOL cross-sectional polisher also shown below. The 

limits of microstructural characterization in specimens prepared by traditional mechanical polishing are 

discussed in this section, and compared to the enhanced resolution resulting from specimens prepared 

using the JOEL cross-sectional polisher. 

 

70�r 
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(a) 

 
(b) 

Figure 4.3 SEM BSE images of (a) the N38 as-received (AR) and (b) the N38SH AR sample, 
representing the typical microstructures resulting from mechanically-polished specimens 
that were prepared by the traditional methods outlined in Section 4.1.1 

 

4.3.1 Characterization using Traditional Mechanical Preparation 

 The foremost indicator that the traditional mechanical polishing is an inadequate preparation 

method to characterize a sintered magnet came from EDS analysis attempts. Although many researchers 

have used mechanical polishing for sintered magnet microstructure analysis, the more reliable phase 

identification in the GJRs has typically been limited to TEM studies. It became apparent that the 

mechanical polish was unsuitable for this study when EDS was utilized for secondary and GJR phase 

identification. Examples of regions analyzed from mechanically-polished specimens are shown in 

Figure 4.4 for the N38 AR sample and Figure 4.6 for the N38SH sample, with the corresponding EDS 

compositional analyses for each area in Table 4.1and Table 4.2. 

 In the N38 AR sample, it was verified that the composition found in the largest grains, the 

magnetic matrix phase and labeled (a) in Figure 4.4, is consistent with the Nd2Fe14B phase with a 

substitution of about 2.5at% Al for Fe and Pr substitution for the Nd. Both Al and Pr are common 

additions found in the magnetic phase [1]. Oxide phases in the N38 sample were identified from oxygen 

peaks in regions (b) and (d) ofFigure 4.4. Both regions had similar high rare-earth (RE) and low Fe 

contents. While EDS may detect oxygen peaks, EDS cannot providespecific phase identification in terms 

of structure or exact oxygen content. Thus, a phase in which oxygen was detected in significant quantity, 

determined when the O�.�.  energy peak exceeded the NdM�. energy peak, is simply referred to as an oxide. 

Few researchers have reliably detected Fe in NdFeB magnet oxides, and Fe detection in oxides is not a 
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common finding in TEM studies. Thus, the high-RE oxides which contained Fe (contents typically varied 

from 0-15% as is shown in Table 4.1) were labelled unknown oxides.  

 

 

 

 (a) 

 

  

(b) 

 

 

 (c) 

Figure 4.4 BSE images of the mechanically polished N38 AR sample showing typical GJR region 
morphologies. EDS point analysis was conducted on the areas marked by the yellow 
arrows labelled (a)-(f), which represent the compositions given in Table 4.1. 

 

Table 4.1 �± N38 AR EDS Results corresponding to the regions (a)-(f) in Figure 4.4 (atomic %). 

Element  region(a) region (b) region (c) region (d) region (e) region (f) 
Nd 9.5 70.0 32.0 67.0 30.0 39.0 
Pr 2.8 18.0 10.5 17.0 10.0 11.0 
Fe 85.1 12.0 30.0 16.0 41.0 17.5 
Co -- -- -- -- 2.4 -- 
Al  2.5 -- 3.00 -- 4.0 -- 
Cu -- -- 24.50 -- 11.6 32.5 
O -- present -- present -- -- 

Phase Nd2Fe14B unknown 
oxide 

unknown unknown 
oxide 

Unknown unknown 

 

 

 The phases that were not detected to be oxides or the magnetic phase, i.e., regions (c), (e), and (f) 

in Figure 4.4, exhibited similar BSE contrast; however, despite the contrast similarities, these GJR phases 

had very different compositions as reported in Table 4.1, neither matching any known phases in the Nd-

Fe-Cu system nor others reported in the literature. Regions (c), (e), and (f) were therefore labelled here as 

unknown. To further characterize the unknown phases, it was necessary to consider possible elemental 

substitution. For example,Al was found to substitute for Fe in the magnetic phase, and may also substitute 

for Fe in additional phases such as those in the GJRs.Co is also known to substitute for Fe [1]. 

Compositions were therefore reassessed to include Al and Co substitutions for Fe [1], and Pr or Dy 

substitutions for Nd [1]. It is possible for Cu to substitute for Fe [1] as well; however, the GJRs were 
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assumed to consist of phases from the Nd-Fe-Cu ternary system and Cu was presumed not to substitute 

for Fe in the Fe-rich phases.  

 The EDS results were examined assuming these substitutions in an effort to produce more precise 

representations of the phases in the GJRs. The phase compositions from Figure 4.4 regions (c), (e), and (f) 

were then overlaid on the Nd-Fe-Cu lowest temperature isotherm (450°C) available, depicted in 

Figure 4.5. It was revealed that all phases previously deduced as unknown actually exhibit compositions 

encompassed by the eutectic tie triangle [77] within the Nd-Fe-Cu ternary system. This three-phase 

region, seen in in Figure 4.5 and described in section 2.1.3�����F�R�Q�V�L�V�W�V���R�I���W�K�H���S�K�D�V�H�V���1�G�&�X�����.�1�G�����D�Q�G���•. 

 

  

Figure 4.5 The 450°C Nd-Fe-Cu isotherm [77] with phase compositions plotted from the N38 AR 
GJR regions, as analyzed from Figure 4.4 and Table 4.1. The elements Al and Co were 
assumed to substitute for Fe, and Pr for Nd. 

 

 One peculiarity was that these compositions within the Nd-Fe-Cu three-phase region appeared to 

come from seemingly single-phase regions with uniform contrast in Figure 4.4. The resolution of the EDS 

spot mode was then considered in terms of beam spreading artifacts. Most EDS area analyses of the GJR 

phases involved regions larger than the expected resolution limit of 1��m2, thus beam spreading 

contributions from the magnetic phase, Nd2Fe14B, could be ignored. Contrastingly, because the 

compositional variances indicated multi-phase regions but the BSE contrast suggested single-phase GJR 

phases, the most likely conclusion was beam spreading from adjacent, smaller phases within the GJR 

which were unresolved due to reduced image resolution from inadequate specimen preparation. The 

N38SH AR sample was similarly analyzed,with comparable findings. These results are shown below in 

Figure 4.6 and in Table 4.2.  
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(a) (b) (c) 

Figure 4.6 BSE images of the mechanically polished N38SH AR sample showing typical GJR 
region morphologies. EDS point analysis was conducted on the areas marked by the 
yellow arrows labelled a-h, which represent the compositions given in in Table 4.2 and 
Figure 4.7 

 

Table 4.2 �± N38SH AR EDS Results corresponding to the regions (a)-(h) in Figure 4.6 (atomic %). 

Element  region (a) region (b) region (c) region (d) region (e) region (f) region (g) region (h) 
Nd 9.5 67.0 29.0 28.0 47.0 63.0 27.0 30.5 
Pr 2.0 14.5 10.0 10.0 21.5 16.0 9.0 12.5 
Dy 1.0 8.5 2.0 1.0 -- 8.0 1.5 -- 
Fe 85.0 10.0 46.0 47.0 15.0 9.0 49.0 36.0 
Co -- -- 2.0 4.0 -- -- 2.5 5.3 
Al  2.5 -- 8.0 6.5 -- -- 7.0 1.5 
Cu -- -- 3.0 2.5 4.5 -- 4.0 9.0 
Nb -- -- -- -- -- 4.0 -- 1.0 
Cl -- -- -- 1.0 12.0 -- -- 4.2 
O -- present -- -- present present -- present 

Phase Nd2Fe14B unknown 
oxide 

unknown unknown unknown 
oxide 

unknown 
oxide 

unknown unknown 
oxide 

 

 

 The N38SH AR sample was found to generate comparable EDS results for the magnetic phase, 

including the anticipated small Dy addition which substitutes for Nd as well as the approximate 2.5at% Al 

substitution for Fe. Thus, both samples contain a majority phase with compositions extremely close to the 

Nd2Fe14Bstoichiometry validating the accuracy of the EDS analysis. Some phases in the N38SH AR 

sample (regions (d,e,h) in Table 4.2) appeared to contain unexpected amounts of Cl, which were 

identified to be artifacts of the polishing solution during sample preparation rather than from the EDS 

collection process, and wereexcluded from the analyses of phase compositions. Phases from regions (c), 

(d), and (g) in Figure 4.6 have similar BSE contrast and compositions; however, like in the N38 AR 

sample, these compositions do not match any known Nd-Fe-Cu ternary system phase. Accounting for 

elemental substitutions, these regions were plotted on the 450°C Nd-Fe-Cu isotherm seen in Figure 4.7, 

and it was found that, as in the N38 AR sample, the compositions are within or on the NdCu-�.�1�G- �• tie 
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triangle. The compositions for the N38SH AR regions (c), (d), and (g) are located close to �W�K�H���2���S�K�D�V�H��

composition and thus deemed the most likely phase for these areas.  

 

 

Figure 4.7 The 450°C Nd-Fe-Cu isotherm [77] with phase compositions plotted from the N38 AR 
GJR regions, as analyzed from Figure 4.6 and Table 4.2. The elements Al, Co, and Nb 
were assumed to substitute for Fe, and Pr and Dy for Nd. The elements were assumed to 
be substitutional for Fe, and Pr and Dy substitutional in Nd.. 

 

 Other compositional results that were similar to the N38 AR sample include the oxides detected 

in regions (b) and (f) in Figure 4.6. These regions appear similar in contrast and morphology, and while 

region (f) contained some amount of Nb, the Fe and RE contents of the two regions were quitecomparable 

to each other and to the oxide results of the N38 AR sample. On the other hand, the oxides detected in 

regions (e) and (h) in Figure 4.6exhibit very different compositions, and the BSE contrastis inconsistent 

within and between the phase regions. The BSE contrast, which shows a mixture of medium and dark 

contrast in  these two regions suggest not only that they are multi-phase areas, but they contain phases 

which are too small for accurate EDS analysis. Thus, beam spreading artifacts from adjacent phases,as 

was the case for N38 regions (c), (e), and (f)in Figure 4.4, are believed to be responsible for 

compositional differences between the N38SH oxides in Figure 4.6 regions (e) and (h). 

 The varied BSE contrasts seen in Figure 4.6 regions (e) and (h), which also existed in many other 

GJRs of both magnets, were also consistent with topographical depressions. This is demonstrated 

inFigure 4.8 where it is shown that multi-contrast regions of the BSE image in Figure 4.8(b) are located at 

the same areas as the topographical depression areas of the SEM image in Figure 4.8(a). 
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(a) 

 

 

(b) 

Figure 4.8 (a) SEM image of the N38 AR sample demonstrating the correlation of topographical 
�G�H�S�U�H�V�V�L�R�Q���L�Q���µ�Y�R�L�G�¶���D�U�H�D�V��(arrowed) of the sintered magnet with the dark, multi-contrast 
GJRs in (b) the BSE image. 

 

The corresponding locations indicated that the contrast in these particular GJRs may be affected by 

topography in addition to atomic number, although the EDS results remain unaffected and,based on 

comparison with the phase diagram,still suggest the GJRs to be multi-phase areas. While voids are a 

common feature associated with Nd-Fe-B sintered magnet microstructures [1], it was found that the 

frequency of void occurrence varied with sample polishing. For example, represented below in Figure 4.9 

are two micrographs of the same sample. One micrograph (Figure 4.9(b)) represents the sample which 

had been mechanically-polished a second time, while the other (Figure 4.9(a)) shows the original 

mechanically-polished surface. The sample which has been polished a second time shows fewer GJRs 

with void characteristics, indicated by the darkest contrast, than the originally polished sample. Most 

likely such differences result from improved polishing technique as well as sensitivity in the GJRS to 

selective phase removal. Thus, it is evident that sample preparation is an important factor to consider in 

characterization of mechanically-polished, sintered magnets. 
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(a) 

 

 

(b) 

Figure 4.9 SEM BSE images of the N38 AR sample demonstrating the sensitivity of specimen 
preparation to mechanical polishing. Figure (a) represents the sample surface which 
contains more GJRs with darker contrast. Figure (b) represents the repolished surface of 
the same sample which has fewer of the darker contrasted GJRs. The darker contrast 
indicates topographical depressions which are highly influenced by the mechanical polish 
and diminishes with improved technique. 

 

 EDS spot analysis and BSE imaging suggested that, within the mechanically-polished N38 and 

N38SH magnet microstructures, there exists GJRs which contain multiple phases. These phases are likely 

too small to be discernable with the traditional mechanical polish. EDS spot analysis was therefore 

deemed inadequate to characterize these GJR areas. Additionally, it was found that characterization of the 

GJRs from mechanically-polished samples is highly affected by the polishing preparation. Thus, it was 

concluded that traditional mechanical polishing may not be well suited for proper characterization of an 

Nd-Fe-B sintered magnet based on its inadequacy to provide a sample surface capable of representing the 

phases present in the GJR microstructure accurately and consistently.  

4.3.2 Characterization after Cross-Sectional Polishing 

 Traditional mechanical polishing, as concluded in the preceding section, was deemed an 

inadequate polishing technique for proper SEM characterization of phases within the GJR of the 

microstructure of a sintered NdFeB magnet. To overcome the limitations of mechanical polishing, a 

relatively new polishing technique was used to characterize the samples. This technique utilizes a JEOL 

cross-sectional polisher to polish the magnet samples using an Ar ion beam that provides high milling 

rates. While the specimen area polished by the cross-sectional polisher is much smaller than that from 

mechanical polishing, ~0.25mm2compared to 12.5 mm2,the regions are still much larger than those used 
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�L�Q���7�(�0���V�W�X�G�L�H�V�����a�������P2. Thus, the size of the cross-sectionally polished areas was sufficient to provide 

suitable and statistically relevant microstructural characterization for both GJRs and the magnetic phase. 

The bottom region in Figure 4.10illustrates the typical surface polish using the milling parameters 

established in section 4.1.2. The upper portion of the polished area is �³arced�  ́due to a swinging 

mechanism specific to the JEOL cross-section polisher which reduces surface roughness from ion milling. 

 

 

Figure 4.10 Secondary electron image of a typical cross-sectionally polished sample area. Towards 
the edges, curtaining effects from ion milling are evident (see arrow). 

 

 Additionally, cross-sectional polishing considerably lowers the risk of oxidation during specimen 

preparation and, therefore, reduces errors in oxide identification. For example, increased levels of oxygen 

during mechanical preparation and from oxidizing polishing solutions could generate the Nd2O3-hcp 

phase, proposed to result from the oxidation of other Nd-rich phases [25,18,28], which would otherwise 

be uncharacteristic of the bulk magnet microstructure. Another improvement from cross-sectional 

polishing is the elimination of phase pull-out in GJRs. This is the most evident in Figure 4.11 where the 

�G�D�U�N���³�Y�R�L�G�´���D�U�H�D�V���F�D�X�V�H�G���E�\���Pechanical polishing are completely eliminated in the cross-sectionally 

polished samples, and represent the microstructure of the fully dense sintered magnet. 
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(a) 

 

 

(b) 

Figure 4.11 Difference in the general microstructure seen when switching from (a) traditional 
mechanical preparation to (b) cross-sectional polishing. Contrast errors due to 
topographical effects of the mechanical polishing technique do not occur in the cross-
sectionally polished specimen areas. 

 

 Furthermore, the difference in polishing quality was even more pronounced when comparing 

BSE images of GJRs, and is illustrated below by Figure 4.12 and Figure 4.13 for the N38 and N38SH 

magnets. 

 

 
 (b) 

 
 (d) 

Figure 4.12 BSE images of the N38AR sample showing the difference in characterization capabilities 
for HRSEM, specifically of GJRs, by improving the polishing technique from (a) 
traditional mechanical preparation to (b) cross-sectionally polishing. 
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 (b) 

 
 (d) 

Figure 4.13 BSE images of the N38ARSH sample showing the difference in characterization 
capabilities for HRSEM, specifically of GJRs, by improving the polishing technique from 
(a) traditional mechanical preparation to (b) cross-sectional polishing. 

 

One is able to clearly see well-defined phases in the GJR which were either not evident or extremely 

difficult to discern in the mechanically polished specimens. It is obvious from the cross-sectionally 

polished samples that multiple phases exist in each GJR, thus explaining the EDS results from the GJRs 

in the mechanically-polished samples which represented multi-phase compositions on the phase diagram 

even for areas that appeared single-phase. 

 A few drawbacks do exist concerning cross-sectional polishing. This includes some minor 

curtaining effects (e.g. Figure 4.14), and possible surface damage, less than 100nm, to select phases, 

discussed later in section 5.3. 

 

 

Figure 4.14 SEI image of a cross-sectionally polished sample illustrating the effects of curtaining and 
the subsequent surface variations which can occur during ion milling. 
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These drawbacks could most likely be mitigated through optimized milling conditions and surface clean-

up through additional FIB work if necessary. Since curtaining effects are more prominent towards the 

edges of the polished areas, they can be avoided by analyzing regions towards the center. Thus, any 

disadvantages to cross-sectional polishing are far outweighed by their benefits for sintered magnet 

characterization,as well as the time saved in producing polished specimens compared to traditional 

preparation methods. Benefits of cross-sectional polishing of the N38 and N38SH magnets include the 

�H�O�L�P�L�Q�D�W�L�R�Q���R�I���P�H�F�K�D�Q�L�F�D�O�O�\���L�Q�G�X�F�H�G���³�Y�R�L�G�V�´���L�Q���W�K�H���P�L�F�U�R�V�W�U�X�F�W�X�U�H�����U�H�G�X�F�H�G���R�[�L�G�Dtion of the sample 

surface, improved phase resolution for BSE imaging, and the enabling of EBSD analysis on now 

distinguishable Nd-rich phases within the GJRs.  

4.4 EBSD Texture Analysis 

 

 EBSD texture analysis was made using the TSL-OIM analysis software. EBSD data collected 

from GJR were subjected to a minor neighbor orientation correlation cleanup with a grain tolerance angle 

of 5 degrees. Mechanically polished samples also underwent the neighbor orientation cleanup, and 

additionally kernel smoothing consisting of 20 iterations and the Kuwahara filtering set to the 5th nearest 

neighbor. The Kuwahara filter preserves edges, and replaces confidence indices and orientation data with 

the average of those elements, showing the least variance, surrounding the selected kernel[82]. Manual 

clean up and grain size partitioning was used to eliminate misindexed phases in GJR EBSD data. For 

example, misindexed phases were generally singular points, or grains with nanometer diameters, and 

showed a different orientation for each grain or point. Therefore these points were eliminated by a grain 

size partition. For the Nd2Fe14B EBSD data, similar grain size partitioning was used, as well as 

partitioning of image quality values to eliminate the inclusion of Nd-rich and other GJR phases. The Nd-

rich and GJR phases hadeither higher or much lower image quality values. They were excluded from the 

EBSD data involving the Nd2Fe14B because these data were collected from mechanically polished 

specimens, which produced unreliable texture data for phases smaller than the Nd2Fe14B grains.After data 

cleanup, pole figures were generated using the harmonic series expansion method with a series rank of 34, 

Gaussian half-width of 7.5 degrees, and all measurement points in the data. These parameters were 

chosen for clarity to best represent the orientation relationships found between the Nd-rich phases, as well 

as accurately representing the texture of the Nd2Fe14B phase.  

4.5 ImageJ Analysis 

 

 ImageJ analysis was used to approximatethe volume fraction of the magnetic phase in the 

microstructure which was then used to estimate the GJR composition, detailed in Section 5.4.1. The 
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images were converted to 8-bit files and the threshold contrast values were changed to isolate the 

magnetic phase from the GJRs and intergranular regions which inherently have brighter contrasts. 

 The data that was collected and analyzed using the procedures listed above are given in the next 

chapter. Results are presented which establish why different characterization procedures were necessary 

for different microstructural areas, and how the characterization techniques used in this study impactthe 

quality of polishing associated with traditional sample preparation methods used for the Nd2Fe14B 

sintered magnet. Phase identification and texture results as well as their interpretation are also given.  
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CHAPTER 5: RESULTS and DISCUSSION 

 Microstructural analyses of the Nd-Fe-B type sintered magnetswere conducted using multiple 

methods of study including magnetic property assessment, phase identification and morphology 

investigation, and texture analysis. The results given in this chapter are divided into sections which 

discuss the measured magnetic properties (Section 5.1), the microstructural characterization used to 

identify the GJR phases (Section 5.2), the EBSD analysis used to examine texture and orientation of the 

identified phases (Section 5.3), and the interpretation of these results in terms of solidification and its 

influence on coercivity (Section 5.4 and Section 5.5).  

 

5.1 Magnetic Properties 

 

 Before presenting the microstructural characterization conducted at CSM, the magnetic properties 

of the as-received, thermally treated, and thermomagnetically treated samples are presented to show the 

effects of the magnetic field on the magnetic properties of the Nd-Fe-B type sintered magnet. The 

magnetic property analysis was conducted by the project team at Ames and is presented via 

demagnetization curves and maximum energy product (BHmax) curves shown Figure 5.1. The 

demagnetization and BHmax curves for the Dy-free N38 sample are given in Figure 5.1(a) and 

Figure 5.1(c), and those for the Dy-containing N38SH sample are given in Figure 5.1(b) and 

Figure 5.1(d), respectively. The N38 (Figure 5.1(a)) and N38SH (Figure 5.1(b)) demagnetization curves, 

marked black for the as-received samples, show magnetic property differences which are expected for a 

sintered magnet with and without Dy additions. The differences are represented by both the coercivities of 

the as-received samples, where the coercivity of the N38SH magnet surpasses that of the N38 magnet by 

about 5-10kOe, and by the BHmax values,where the N38SH shows lower BHmaxvaluesthan the N38, an 

effect of the Dy addition [10]. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 5.1 Magnetic properties of the N38 and N38SH magnets before and after thermal and 
thermomagnetic processing. The as-received (AR) magnet is indicated in black, the 
thermally treated (HT) in blue, and the thermomagnetically (MT) treated magnet in red. 
Demagnetization curves representing the coercivity effects of the annealing treatments 
are shown for the (a) Dy-free N38 sample and for the (b) Dy-containing N38SH sample. 
Differences found in the maximum energy product (BHmax) for the AR, HT, MT samples 
are shown in (c) and (d) for the N38 and N38SH magnets, respectively. 

 

 Comparing the magnetic property data for the individual magnets, it can be seen from the 

demagnetization curves that the N38 and N38SH magnets responded differently to the treatments. While 

the N38 magnet shows improved coercivity (~29%), with both thermal and thermomagnetic treatments, 

marked red and blue in Figure 5.1(a), respectively, the coercivity of the thermally and 

thermomagnetically treated N38SH samples, marked red and blue in Figure 5.1(b), respectively, is similar 

to that of the as-received commercial sample (the black curve). Contrastingly, the N38SH magnet shows 

enhanced BHmax values (~14%)) with the thermal and thermomagnetic treatment (Figure 5.1(d)), whereas 

the N38 magnet exhibits a much smaller effect (Figure 5.1(c)). For either magnet, there does not appear to 

be a substantial difference in coercivity or BHmaxdue to application of the magnetic field, based on the 

close proximity of the blue and red demagnetization curves (Figure 5.1(a) and Figure 5.1(b)) and 
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BHmaxcurves (Figure 5.1(c) and Figure 5.1(d)). In contrast, both Kato et al. [58,20] and Akiya et al. [58] 

reported coercivity improvements by magnetic field annealing. 

 Despite the lack of coercivity and BHmaxdifferences from the application of the magnetic field, 

microstructural effectsproduced by the magnetic field may still have occurred, and thus were examined. 

Additionally, the microstructural effects produced by the thermal processing, which demonstrated 

enhanced magnetic properties, were investigated and are discussed specifically and in greater detail in 

Section 5.5. Represented below in Figure 5.2 and Figure 5.3 are BSE images of the microstructure for 

each sample condition in the N38 and N38SH specimens. From the BSE images of the general 

microstructure, for either magnet, there are no obvious differences between morphologies for the different 

processing treatments. The microstructures have very similar GJR and magnetic phase contrasts as well as 

similardistributions of secondary phases.  

 

 

(a) N38 AR 

 

(b) N38 HT 

 

(c) N38 MT 

Figure 5.2 BSE images of the N38 sample from cross-sectionally polished specimens representing 
the as-received sample (a), thermally-treated sample (b), and thermomagnetically-
treated sample (c). Contrast differences, although subtle at these brightness levels, 
indicate a number of secondary phases present within the GJRs. Nd2Fe14B matrix grains 
show consistent contrast inferring more homogenous composition. 
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(a) N38SH AR 
 

 

(b) N38SH HT 
 

 

(c) N38SH MT 

Figure 5.3 BSE images of the N38SH sample from cross-sectionally polished specimens 
representing the as-received sample (a), thermally-treated sample (b), and 
thermomagnetically-treated sample (c). Contrast differences, although subtle at these 
brightness levels, indicate a number of secondary phases present within the GJRs. 
Nd2Fe14B matrix grains show consistent contrast inferring more homogenous 
composition. 

 

 Given the lack of obvious differences in the general microstructure, any thermal or 

thermomagnetic treatment effects were concluded to represent finer features within the GJR, and thus 

higher-resolution characterization was implemented. 

5.2 Characterization of GJR 

 

 The cross-sectional polishing technique allows forbetter resolution of the phaseswithin the 

GJRscompared to previous SEM analyses. TEM techniques can discern such phases, but arelimited by the 

smaller size of TEM specimens. The extreme thinness also puts the specimens at higher risk of 
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contamination from oxygen, and results must be scrutinized for these reasons. Additionally, for selective 

regions such as GJRs to be examined effectively by TEM, FIB lift-outs are necessary.Overall, images of 

the GJRs presented in this thesis are believed to portray the complexity and variety of the structures, 

beyond the extent of earlier investigations. The findings from the GJRsalso provide insights related to 

solidification and partitioning mechanisms which mightenable tailoring of the manufacturing processes to 

obtain more preferable microstructures and properties. The characterization and identification of the GJR 

phases are discussed below in terms of the phases present in the Nd-Fe-Cu and Nd-O systems. A 

combination of EDS mapping, HRSEM BSE imaging, and EBSD analysis was used to identify these 

phases. 

 

5.2.1 Phase Identification: Nd-Fe-Cu Phases 

 In this section the phase identification process used to classify the structures within the GJRs 

according to the ternary phases within the Nd-Fe-Cu system is addressed. In Section 4.3.1, the EDS spot 

analysisof the mechanically-polished specimens indicated either oxides or placed compositions within the 

Nd-NdCu-�2 tie triangle. While not always distinguishable from the mechanical polish, multiple phases 

were found to exist in the GJR after improvingthe image resolution through cross-sectionally polishing, as 

described in Section 4.3. Because these GJR phases were so small, however, it was not possible to use 

EDS spot analysisin the SEM to establish individual phase compositions. Thus, using the preliminary 

EDS results from the mechanically-polished samples as a guideline, EDS elemental maps were collected 

for oxygen and elements belonging to the Nd-Fe-Cu ternary system, as well as those suspected to 

substitute for Fe (Al and Nb) and Nd (Dy).EDS mapping of Co, detected in the mechanically-polished 

samples, was not implemented due to the proximity of the line energies of Fe and Co which could 

influence the results. These EDS maps were analyzed in combination with HRSEM BSE images to 

identify the GJR phases. The results are presented below.  

 Represented in Figure 5.4are HRSEM BSE images of various GJRsanalyzed in the N38 as-

received samples. The BSE images of the GJRs show different contrast for various morphologies, 

indicating the existence of at least four distinct phases. The darkest contrast is black, and represents 

matrix grains of the magnetic phase which are high in Fe. The other four phases found within the GJR are 

indicated by arrows or are circled in Figure 5.4.The white arrows designate a phase dark in contrast, albeit 

not as dark as the magnetic phase, which exhibits a plate-like morphology. The plate-li ke phase appears 

thick depending on the cross-section and is discussed in more detail below. The red arrows point to a 

smaller, medium contrast phase found in the GJR corners and in between the plate-like phase. Within the 

red circles are regions consisting of a darker precipitate phase, with globular or elongated morphology 
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and varying in size, and the brightest contrast phase that encompasses the darker precipitate phase. These 

four distinct phases were detected in most GJRs, as is shown by all four BSE images of GJRs in 

Figure 5.4. 

 Considering the morphology of the phase indicated by the white arrows, it appears to 

predominantly occur as thin plates or lamellae. This phase manifests in a rectangular manner, forming 

either long, thin profiles such as those indicated by the white arrows in Figure 5.4(b,c), or wide ones 

which fill large areas of the GJR stretching from one Nd2Fe14B grain to another (e.g. Figure 5.4(c)). It is 

reasonable to conclude that this phase contains an anisotropic shape consistent with a plate-like structure. 

Based on the variability in morphology, it is difficult to specify an exact range of aspect ratios typical of 

the phase. Additionally, it is difficult to distinguish between the plates due to their close proximity. For 

example, the platesinFigure 5.4(d) appear somewhat thick, but, upon closer inspection, it can be seen that 

many thin layers might be stacked as is evident from the fringed appearance in this region. 

 When comparing the locations of the dark contrast of the plates in the BSE images with EDS 

maps taken of the same GJRs, there is also a strong correlation with the elemental signals collected. 

Figure 5.5 represents the EDS maps collected for a GJR in the N38 as-received sample. Upon analysis of 

the Fe elemental map (Figure 5.5(c)), there is an intense signal surrounding the GJR representing the 

Nd2Fe14B phase, which should correlate to about 85-87.5% Fe depending on Al substitutions, as seen 

from EDS results in Table 4.1 and Table 4.2. Aside from the intense Fe signal due to the magnetic phase, 

the GJR itself shows some Fe enrichment in these plates, again designated by the white arrow in 

Figure 5.5(a). There is also Fe enrichment in areas of Nb-enriched precipitates, which were not mentioned 

above in Figure 5.4 or seen due to the extremely dark contrast, but will be discussed later in this section. 

 Closer inspection of Figure 5.5 shows that the Fe-rich plates were also enriched in Nd. Within the 

GJR, significant Nd enrichment may be seen to persist throughout the entire region (Figure 5.5(b)) with 

the exception of Nb locations (Figure 5.5(g)); however, the signal strength indicates that the plates 

contain less Nd enrichment than those areas within the GJR which corresponded to the brightest BSE 

contrast (circled in Figure 5.5(a)). Because these plates were not significantly enriched in Cu 

(Figure 5.5���G���������D�Q�G���J�L�Y�H�Q���W�K�H���.-Nd-NdCu-�2���W�L�H���W�U�L�D�Q�J�O�H�����L�W���Z�D�V���L�Q�W�H�U�S�U�H�W�H�G���W�K�D�W���W�K�H���S�O�D�W�H���S�K�D�V�H���L�V���2��

(Nd6Fe13Cu), found in the Nd-Fe-Cu ternary phase diagram shown in Figure 2.10. The Fe-rich and Nd-

containing phases outside the tie triangle, mainly Nd2Fe15 and Nd2Fe17, have not been reported in any 

sintered magnet studies. 

 As indicated by the EDS results shown in Table 4.1 and Table 4.2, Al should substitute for Fe in 

�W�K�H���S�U�H�V�X�P�H�G���2���S�K�D�V�H�����7�K�L�V���V�X�E�V�W�L�W�X�W�L�R�Q���Z�D�V���F�R�Q�I�L�U�P�H�G���L�Q���W�K�H���(�'�6���P�D�S�V�����E�H�V�W���L�O�O�X�V�W�U�D�W�H�G���L�Q���W�K�H���*�-�5��

represented in Figure 5.6. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 5.4 HRSEM BSE images of the GJRs in the as-received N38 magnet.Four distinct phases can 
be seen with various morphologies and contrasts. The white arrows designate a phase 
dark in contrast that exhibits a plate-like morphology. The plate phase appears thick 
depending on the cross-section. The red arrows show a smaller, medium contrast phase 
found in the GJR corners and in between the plates. The red circles designate regions 
consisting of a darker precipitate phase with globular or elongated morphology varying in 
size, and a phase bright in contrast that encompasses the precipitate phase. 

 

 �,�W���F�D�Q���E�H���V�H�H�Q���W�K�D�W���W�K�H���2���S�K�D�V�H�����D�U�U�R�Z�H�G���L�Q���Z�K�L�W�H���L�Q��Figure 5.6(a), correlates with both the Fe 

signals in Figure 5.6(c) and the Al signals in Figure 5.6(e) where the green signal appears slightly more 

intense in the plates. The greatest concentration of Al detected from EDS analysis was 8% (Table 4.2) for 

the phase marked (c) in Figure 4.6 (a). In the EDS maps, the Al s�L�J�Q�D�O���Y�D�U�L�H�V���O�L�W�W�O�H���I�U�R�P���W�K�H���S�U�H�V�X�P�H�G���2��

phase to the magnetic phase, which was found to only have 2.5-3% aluminum. It is probable that Al does 

not substitute for more than 10% of the Fe in the �• phase. Closer scrutiny of the interpretation that the 
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plates �D�U�H���2���I�U�R�P���W�K�H���1�G-Fe-Cu system, considering the analysis results and identification of the other 

phases formed in the GJR, is presented below. 

 

 (a)N38 AR GJR 

 (b) Nd  (c) Fe  

 (d) Cu   (e) Al 

 (f) O  (g) Nb 

Figure 5.5 N38 as-received GJR showing the HRSEM BSE image of the GRJ (a) and the correlating 
EDS maps (b)-(g) of the same region. In (a) the white arrows designate a phase dark in 
contrast that exhibits a plate morphology. The red arrows show a smaller, medium 
contrast phase found in the GJR corners and in between the plates. The red circles 
designate regions consisting of a darker precipitate phase with globular or elongated 
morphology varying in size, and a phase bright in contrast that encompasses the 
precipitate phase. 
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 (a)N38 AR GJR 

 (b) Nd  (c) Fe  

 (d) Cu   (e) Al 

 (f) O  (g) Nb 

Figure 5.6 N38 as-received GJR showing the HRSEM BSE image of the GRJ (a) and the correlating 
EDS maps (b)-(g) of the same region. In (a) the white arrows designate a phase dark in 
contrast that exhibits a plate like morphology. The plate phase appears thick depending 
on the cross-section and is interpreted �W�R���E�H���2���I�U�R�P���W�K�H���1�G-Fe-Cu system. 

  

 Other distinct morphologies can be seen in the BSE images of the GJR in addition to the �• plates. 

As mentioned above in regards to Figure 5.4, this includes precipitates of slightly lighter, albeit somewhat 

varying phase contrast, when compared to the postulated �2 phase. The precipitates, circled in the GJRs in 

Figure 5.4, are mostly enveloped by the brightest contrast phase in the GJR. One more distinctive phase 

exists which comprises phase contrast levels lying between that of the precipitates and that of the 

brightest phase containing the precipitates. This medium contrast phase, designated by the red arrows, 

was present mostly near the corners of the GJR region such as in Figure 5.6, or amid the plates such as in 

Figure 5.5. Although from the BSE images it is seen that this phase typically forms in much smaller areas, 

there are still noticeable links to the elemental signal locations represented in the EDS maps. 
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Examiningthe EDS maps, a correlation is evident between the locality of the medium contrast phase and 

the Cu signal concentrations. This link is best demonstrated in Figure 5.5 and Figure 5.6 where phases 

indicated by the red arrow in (a) have the most intense Cu signal in (d). Because Nd is present in these 

regions of high Cu as well (Figure 5.5(b) and Figure 5.6(b)), it was deduced that the medium contrast 

phase is most likely NdCu. Reinforcing this conclusion is the �.-Nd -NdCu-�2���W�L�H���W�U�L�D�Q�J�O�H in the Nd-Fe-Cu 

phase diagram, and the identification of the NdCu phase from previous researchers as described inSection 

2.1.3. Identification of the NdCu phase also supports the interpretation that the plate-like phase is indeed 

�2, since the formation of NdCu adjacent to the �2 is reported in previous TEM work by Li et al. [34]. Their 

TEM images were shown in Figure 2.20 and essentially mirror the GJR BSE images, particularly that in 

Figure 5.5(a). It should be noted that more often than not, the NdCu phase regions occur towards the 

corners of the GJR, which is discussed further in terms of the solidification behavior in section 5.4.1. 

 The identification of �2 and NdCu suggests that the brightest (high-Z contrast) phase, circled in the 

BSE images of Figure 5.4must be �W�K�D�W���R�I���.-Nd, the third phase in the eutectic tie-triangle proposed to be 

present in the microstructure from EDS data. Not only does the bright contrast in the BSE images of 

Figure 5.4 support this, but, additionally, these bright areas (Figure 5.5(a)) correspond to the highest Nd 

signals(Figure 5.5(b)) in the elemental maps of the GJRs, and the absence of any other strong elemental 

signals. Curiously, however, these same areas which have large Nd enrichment according to the EDS 

maps also represent the regions which contain the darker (low-Z contrast), small precipitates mentioned 

above. Previously, it was hypothesized that these precipitates should be Nd-oxides, which would explain 

the Nd signals and the lack of other significant elemental enrichment. Although the oxygen EDS maps 

predominantly show oxidation on the surface of the Nd2Fe14B grains and a correlation with Fe location, 

such as in Figure 5.5(f) and Figure 5.6(f), it is possible that the precipitates are too small to pick up 

oxygen signals. In order to verify that the high-Z (brightest contrast) phase seen in the BSE images is the 

�.-Nd phase, and that the low-ZNd-rich precipitates are indeed Nd-oxides, EBSD was implemented. These 

results are discussed in section5.3.1, and further examinedin terms of the texture and phase relationships 

in section5.3.2.  

 The phase systems present in the GJR clearly involve the Nd-Fe-Cu system and, most likely, 

theNd-O system. From the EDS maps collected, it will also be inferred that some Fe-Nb phase exists in 

the GJRs as well. Precipitates containing Nb, mentioned earlier in this section, are distributed throughout 

the microstructure, but were not initially detected upon the analysis of the BSE images due to the dark 

contrast. From the EDS maps in Figure 5.5(g) and Figure 5.6(g), Nb signals are found in regions located 

within the magnetic grains and within the GJRs. Shown below is Figure 5.7 which represents a GJR and 

the resulting EDS maps that clearly show defined areas of intense Nb in (g). From both Figure 5.5(g) and 

Figure 5.7(g), it was found that these precipitates range in size and shape, since fine round precipitates are 
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noted along with larger, occasionally oblong, precipitates. The Nb-containing precipitates often share 

EDS map signals with Fe (Figure 5.5(c) and Figure 5.7(c)), indicating that they most likely belong to the 

Fe-Nb binary system. In some larger precipitates, such as the larger, centrally located oblong precipitate 

found in Figure 5.7(g),Al signals, Figure 5.7(e), were alsodetected. It is suspected that, similarly to the �• 

phase,Al could substitute for Fe in the Nb-containing phase. The Nb-Fe precipitates arelikely NbFe2, a 

hexagonal Laves phase, which was detected in TEM investigations by Leonowicz et al. [69]. Although 

the small size of the particles prevented accurate compositional EDS measurements, during EBSD 

analysis the �S�U�H�F�L�S�L�W�D�W�H�V���Z�H�U�H���F�R�P�P�R�Q�O�\���P�L�V�L�G�H�Q�W�L�I�L�H�G���D�V���.-�1�G�����.-Nd has the same space group, 

P63/mmc, as NbFe2 [71]. This especially highlights the importance of using EDS maps and BSE images 

to supplement EBSD data. Ultimately, the melting point of NbFe2, 1627°C, implies that the phase should 

not be affected by PSA, however more studies are warranted to confirm this conclusion. Coercivity 

effects involving the precipitates are addressed in Section 5.5.2. 

 The phases identified in the N38 samples were also found in the N38SH samples. In Figure 5.8, a 

GJR of the N38SH sample is shown and demonstrates that all phases identified in the N38 samples were 

identified in the N38SH specimen. These phases are marked in Figure 5.8 and include �2�����Z�K�L�W�H���D�U�U�R�Z������

NdCu (red arrow), Nb-rich precipitates (likely NbFe2), as well as bright regions with dark precipitates 

thought to be Nd-�R�[�L�G�H�V���H�Q�F�R�P�S�D�V�V�H�G���E�\���W�K�H���.-Nd phase (circled). Similar to the results presented in 

Figure 5.5, Figure 5.6, and Figure 5.7, the �2 phase corresponds to Fe signals (Figure 5.8(c)) within the 

GJR, the NdCu phase exhibits intense Cu signals (Figure 5.8(d)), and the Nb precipitates both Nb and Fe 

signals (Figure 5.8(c,h)). Additionally, it is evident that the Al signals in Figure 5.8(e) correspond to the 

Fe signals representing �2 phase areas, confirming that Al substitutes for the Fe. The most intense Dy 

signals, seen in the bottom left corner of Figure 5.8(g), occur in Nd-rich regions ((Figure 5.8(b)) as well, 

supporting that Dy substitutes for Nd in both the matrix and GJRs. 

 There were no obvious differences in the morphology of the phases detected in the GJR between 

the N38 and N38SH samples, nor between samples with different processing treatments. In the next 

section, the low-Z precipitate phase (interpreted as a Nd-oxide), which is encompassed by the presumed 

�.-Nd phase, is analyzed. The crystal structures of both phases are analyzed in the next section and 

examined for differences between the N38 and N38SH samples, as well as differences due to variation in 

the processing treatments. 
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 (a)N38 HT GJR 

 (b) Nd  (c) Fe  

 (d) Cu   (e) Al 

 (f) O  (g) Nb 

Figure 5.7 N38 thermally treated GJR showing the HRSEM BSE image of the GRJ (a) and the 
corresponding EDS maps (b)-(g) of the same region. 
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 (a) N38SH HT GJR 

 (b) Nd  (c) Fe  

 (d) Cu   (e)Al  

 

 (f) O  (g) Dy 
 

(h) Nb  

Figure 5.8 N38SH thermally treated GJR showing the HRSEM BSE image of the GRJ (a) and the 
corresponding EDS maps (b)-(h) of the same region. In (a) the white arrows designate a 
phase dark in contrast that exhibits a plate-like morphology which is identified asthe Nd-
Fe-Cu �2 phase. The red arrows show a smaller, medium contrast phase identified to be 
NdCu. The red circles designate regions consisting of a darker precipitate phase with 
globular or elongated morphology, varying in size, and a phase bright in contrast that 
encompasses the precipitate phase. These two phases are suspected to be Nd-oxides and 
�W�K�H���.-Nd phase. 

5.2.2 Phase Identification: Nd-Oxides 

 

 While the Nd-Fe-Cu ternary phases are easily identified using high resolution BSE imaging and 

EDS mapping, additional techniques are needed to accurately identify the Nd-rich phases in the GJRs. 

Therefore, EBSD analysis was a crucial step towards fully characterizing the GJRs. The data obtained 

from EBSD uses crystal structure rather than elemental information, and thus is helpful for identifying 
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oxides and phases containing light elements. Known phases within the Nd-Fe-Cu, Nd-O, and Nd-Fe-B 

systems were used to index the GJR phases. 

 As mentioned in the previous section, the Nd-rich phases examined correspond to intense Nd 

signals in the EDS maps and were observed to be small precipitates encompassed by a high-Z phase. It 

was suspected that the precipitates were one or a combination of the Nd-oxides discussed in Section 2.1.3 

and the high-�=���S�K�D�V�H���Z�D�V�.-Nd. Figure 5.9 represents an example of the typical GJR which was analyzed 

by EBSD in this study. Figure 5.9(b) shows that the collected EBSD diffraction data matches well with 

the BSE image in Figure 5.9(a). The phase map shown in Figure 5.9(c) additionally demonstrates the 

reliability of the EBSD technique. Specifically, the indexed phase shown in green (detailed below) 

corresponds well with the precipitate phase in the BSE image ofFigure 5.9(a), as does the indexed red 

phasewiththe high-Z phase observed in the BSE image. 

 

 
 (a) 

  
(b) 

 
 (c) 

Figure 5.9 N38SH thermally GJR EBSD area A showing the BSE image (a) correlating with the 
EBSD Image Quality map(b), and the EBSD Phase map (c) where red corresponds with 
�.-Nd and green with NdOx. The color phase maps were superimposed with the 
grayscale of the IQ maps in order to distinguish between precipitates in the phase map. 

 

 From EBSD analysis, it was found that the high-Z regions in the BSE images correspond to a 

hexagonal structure. Considering the hexagonal Nd-rich phases, �W�K�H���.-Nd phase and the Nd2O3-hcp phase, 

�L�W���Z�D�V���F�R�Q�F�O�X�G�H�G���W�K�D�W���.-Nd more confidently matched the EBSD data collected from the GJR. This 

interpretation is also consistent with the bright contrast of a high-Z phase and the Nd signals of the GJR 

EDS map shown below inFigure 5.10���E�����)�X�U�W�K�H�U�P�R�U�H�����.-Nd is expected given the phase identification of 



 70 

the low-Z, Nd-rich precipitates presented below, as well as its connection to the precipitates which is 

explained in section 5.4.1 in regards to the Nd-O phase diagram. 

 

 (a) N38SH HT GJR  

 (b) Nd  (c) Fe  

 (d) Cu   (e) Al 

 

 (f) O  (g) Dy 
 

(h) Nb 

Figure 5.10 N38SH thermally treated GJR showing the HRSEM BSE image of the GRJ (a) and the 
corresponding EDS maps (b)-(g) of the same region. 

 

 Following EBSD analysis, indexing concluded that the precipitates exhibit a cubic structure 

belonging to either NdO or NdO2. Interestingly, the precipitates varied slightly in contrast in 

Figure 5.9(a), which could be a result of possible oxygen content differences. Therefore, it is consistent 

with the BSE image that the precipitates were indexed to be NdO and NdO2 in varying combinations. Due 

to the common occurrence of both phases, this study will refer to the precipitates as NdOx. The cubic 

Nd2O3-c structure data was also analyzed but it was found that Nd2O3-cubicdid not index for any phases. 

Thus it is concluded that the Nd2O3-cubic phase, like the Nd2O3-hcp phase, does not exist in the GJRs 

analyzed by EBSD for this study.Given the now indexed Nd-rich phases in the GJR, the phase map in 
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Figure 5.9(c) can be interpreted such that the green phase denotes NdOx and the red denotes�.-Nd. 

Ultimately, the EBSD results reflect the same behavior observed in the BSE images and EDS maps of the 

two magnets, i.e. there are NdOx precipitates surrounded by a high-�=���.-Nd matrix. While high-Z regions 

in the BSE images do not always fully index as the �.-Nd phase, such as in Figure 5.11(c), those areas 

which are indexed usually do match bright regions. 

 

 
 (a)  (b) 

 
 (c) 

Figure 5.11 N38SH thermally GJR EBSD area B showing the BSE image (a) correlating with the 
EBSD Image Quality map(b), depicting diffraction data, and the EBSD Phase map (c) 
where red corresponds �Z�L�W�K���.-Nd and green with NdOx. 

 

 Some areas are easily indexed as �.-Nd while others cannot be indexedor cannot be indexed with 

confidence, the former perhaps due to polishing effects. For instance, it was suggested earlier that a 

drawback to cross-sectional polishing may be that it introduces ion-mill damage to the surface, which 

could cause inconsistent indexing.Oxidation is not a likely cause because the magnetic phase was able to 

be indexed by EBSD in mechanically polished specimens, which is assumed to be preparation technique 

more susceptible to oxidation. �:�K�L�O�H���E�R�W�K���2���D�Q�G���W�K�H���P�D�J�Q�H�W�L�F���S�K�D�V�H���Z�H�U�H���L�Q�G�H�[�H�G���L�Q���W�K�H���P�H�F�K�D�Q�L�F�D�O�O�\��

polished specimens by EBSD, the inability to collect high quality �G�L�I�I�U�D�F�W�L�R�Q���S�D�W�W�H�U�Q�V���I�R�U���2�����1�G�&�X�����D�Q�G���W�K�H��

magnetic phase in cross-sectionally polished specimens supports the conclusion that indexing issues may 

stem from ion-mill damage. This is demonstrated in Figure 5.12where it can be seen that the GJR phases 

inthe bottom right corner ofthe BSE image (Figure 5.12(a)�������Z�K�L�F�K���F�R�U�U�H�V�S�R�Q�G�V���W�R���2���D�Q�G���1�G�&�X, did not 

index and are absent from the phase map in Figure 5.12(c) as is the magnetic phase. Likely, these phases 
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are more susceptible to ion milling damage. Further studies using FIB cleanup should help alleviate this 

uncertainty. 

 

 

(a) 

 

(b) 

 

(c) 

Figure 5.12 N38 as-received GJR EBSD area A showing the BSE image (a) corresponding to the 
EBSD Image Quality map(b), depicting diffraction data, and the EBSD Phase map (c) 
where red corresponds �Z�L�W�K���.-Nd and green with NdOx. 

 

 Comparing the results in the figures above (Figure 5.9, 5.11, 5.12), �.-Nd and NdOx were indexed 

for each GJR. Further inspection of other GJRs showed similar findings, presented below in 

Figure 5.13and Figure 5.14, and are representative of each processing treatment in the N38 and N38SH 

magnet. The phase maps of Figure 5.13 and Figure 5.14 demonstrate that the Nd-rich phases detected in 

either magnet, and in any proces�V�L�Q�J���W�U�H�D�W�P�H�Q�W�����Z�H�U�H���W�K�H���.-Nd and the NdOxphase. Additionally, the 

phase morphologies seen for the Nd-rich phases are consistent from GJR to GJR in each specimen, 

regardless of heat treatment. Thus, the EBSD maps and BSE images of the GJRs for the N38 and N38SH 

specimens and their respective processing treatments do not indicate any obvious morphological or phase 

changes taking place in the GJRs during PSA. It was hypothesized however, that the texture of the Nd-

rich phases could be affected by the thermomagnetic treatment, which would not be apparent from BSE 

imaging and EBSD phase maps. Therefore, the texture of the Nd-rich phases was analyzedfor PSA 

effects, and is presented in the next section. 
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(a) N38 AR 

 
(b) N38 HT 

 
(c) N38 MT 

Figure 5.13 N38 GJRs showing the BSE images (top) and EBSD phase maps (bottom) for the (a) as-
received, (b) thermally treated, and (c) thermomagnetically treated samples. The red phase 
in the EBSD phase maps corresponds �W�R���.-Nd and the green to NdOx. 
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(a) N38SHAR 

 
(b) N38SH HT 

 
(c) N38SH MT  

Figure 5.14 N38SH GJRs showing the BSE images (top) and EBSD phase maps (bottom) for the (a) as-
received, (b) thermally-treated, and (c)thermomagnetically-treated samples. The red phase 
in the EBSD phase maps corresponds �W�R���.-Nd and the green to NdOx. 

5.3 Texture Analysis 

 

 Texture analysis was performed using EBSD for both mechanically polished and cross-

sectionally polished specimens. Due to the inability to collect diffraction patterns and to index the 

magnetic phase, as well as NdCu and �•, from cross-sectionally polished specimens, likelya result of ion 

milling damage susceptibility, texture data for the matrix phase were collected from mechanically-

polished samples. The �• phase was also indexed in the mechanically-polished specimens; however, there 

were not enough data to provide statistically meaningful texture representations. Oxidation was deemed 

not to interfere with orientation measurements of the magnetic phase. �,�Q���F�R�Q�W�U�D�V�W�����.-Nd and NdOx phase 
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texture could only be collected by EBSD of cross-sectionally polished samples due to the reduced grain 

sizes of the phases.Both magnetic phase and Nd-rich phasecrystallography are discussed below. 

5.3.1 Texture of Nd2Fe14B 

In this section the results pertaining to the EBSD texture analysis of the Nd2Fe14B phase for each 

condition are presented. The results were obtained from mechanically-polished specimens, again due to 

problems with indexing the phases after cross-sectional polishing.Pole figures of the as-received, 

thermally treated, and thermomagnetically treated samples are provided and depict interesting results. The 

as-received samples were expected to have pole figures showing alignment of the Nd2Fe14B �S�K�D�V�H�¶�V���F-

axisparallel to the speci�P�H�Q�¶�V���O�R�Q�J���D�[�L�V�� �7�K�H���V�S�H�F�L�P�H�Q�¶�V���O�R�Q�J���D�[�L�V���L�V��located at the center of the (001) 

pole figures presented below. The long axis is represented by c in the coordinate system provided in 

Figure 5.15, while the a-axis and b-axis in Figure 5.15are arbitrary. 

 

 

Figure 5.15 The coordinate system used for EBSD analysis which coincides with the long axis of the 
specimen and the easy axis of magnetization. 

 

Alignment of the [001]along the specimen axis is characterized by intensity located at the center 

of the pole figure. �$�Q���³�L�G�H�D�O�´���P�D�J�Q�H�W���Z�R�X�O�G���K�D�Y�H��[001]aligned parallel with the specimen axis. The N38 

as-received and N38 thermally-treated samples show imperfect alignment of the Nd2Fe14B �S�K�D�V�H�¶�V��easy 

direction of magnetization,i.e. the[001] c-axis of the specimen, with intensities located off-axis to the 

center of the pole figure. This behavior can be seen in Figure 5.16 (a) and (b) as compared to more ideal 

c-axis alignment seen in the thermomagnetically treated sample depicted in (c). 

It was hypothesized that the magnetic field effect in thermomagnetically-treated samples might 

align misaligned grains in the as-received material, thus increasing intensity values in the pole figure. 

This would be seen by either increased intensity at the center of the pole figure, representing (001) poles 

aligned with the c-axis of the specimen, or any off center intensities moving closer towards the pole figure 

center. What the data portray is that close alignment of magnetic phase (001) poles �G�R�Z�Q���W�K�H���V�S�H�F�L�P�H�Q�¶�V��

long axis is obtained, but only in the N38 thermomagnetically-treated sample. Given the off-center 

location in the as-received and thermally-annealed N38 samples, this data also suggest that all magnetic 

grains in the microstructure, as opposed to a portion of the grains, have become realigned in the magnetic 
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field. The implications that complete grain rotation occurred in order to obtain this new position of axis 

alignment is significant. These findings could hold particular meaning to potential processing 

modifications that could reduce machining costs, and are further analyzed below to evaluate the 

significance of the results. It is surprising to see a substantial deviation of the easy axis of magnetization 

from the specimen axis in the as-received condition, so a note of caution is warranted as any errors in 

identifying the reference orientation of the magnet correctly would translate into errors in interpretation of 

the pole figure results.  

Analysis of the N38SH samples is shown in Figure 5.17. In contrast to the N38 magnet results, 

there is no apparent difference in texture between the three pole figures. The intensities do not differ by 

amounts that would clearly suggest that further alignment is occurring in the magnetic phase during 

thermal or thermomagnetic processing. What can be seen is a similarity between the N38 and N38SH 

specimens manifesting from slightly broader spreads of orientations in the thermally treated samples, 

which is depicted by the [001] inverse pole figures that show less concentrated areas of Nd2Fe14B poles. 

These differences could be caused by slight stress relaxation during thermal treatment, but are expected to 

be of only minor importance. 

In summary, the N38SH samples showed ideal alignment that did not vary with processing 

treatment, while both the N38 as-received and N38 thermally �W�U�H�D�W�H�G���V�D�P�S�O�H�¶�V���S�R�O�H���I�L�J�X�U�H�V���V�K�R�Zed that 

the<001> intensity of the Nd2Fe14B phase was not centered down �W�K�H���V�D�P�S�O�H�¶�V���O�R�Q�J���D�[�L�V�����D�V���L�Q���W�K�H��

thermomagnetically annealed sample. Previous literature has not shown that grain rotation of the 

Nd2Fe14B phase is possible through magnetic annealing field effects in a NdCu eutectic melt [57]. The 

pole figure intensity locations likely represent errors in identifying reference orientations, machining 

variability, etc. 

Given the results of the N38 and N38SH samples and those of previous literature on grain 

rotation in eutectic melt mixtures that are subjected to magnetic fields as discussed in section 2.3.3, the 

data suggest that some specimens geometries were not identified correctly to coincide with the c-axis of 

the magnetic phase prior to thermal processing for the as-received and thermally-treated N38 samples. It 

is concluded based on best available interpretation that the magnetic field annealing in either magnet 

grade does not contribute extensively to the orientation of the magnetic grains. This could be due to a lack 

of either liquid penetration or insufficient liquid being available between the grains to allow particle 

rotation of the magnetic phase. Given that the studies from Courtier et al. [57] analyzed grains in much 

larger volumes of NdCu eutectic liquid and also did not find texture differences, it is most likely that the 

magnetic field is simply incapable of causing grain rotation of the Nd2Fe14B phase regardless of how 

much liquid is present during processing.  
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(a) 

 
(b) 

 
(c) 

 

   

   

Figure 5.16 The N38 magnet inverse pole figure maps for the Nd2Fe14B phase in the  (a) as-received 
sample, the (b) thermally treated sample, and (c) thermomagnetically treated sample with 
the corresponding pole figures and inverse pole figures shown below the respective 
inverse pole figure map. 
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(a) 

 
(b) 

 
(c) 

 

   

   

Figure 5.17 The N38SH magnet inverse pole figure maps for the Nd2Fe14B phase in the  (a) as-
received sample, the (b) thermally treated sample, and (c) thermomagnetically treated 
sample with the corresponding pole figures and inverse pole figures shown below the 
respective inverse pole figure map. 
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5.3.2 Texture of Nd-rich phases 

The texture of the Nd-rich phases was analyzed using cross-sectionally polished specimens. The 

specimen orientation for EBSD is the same as for those which were mechanically polished and used to 

analyze the magnetic phase texture. Thus, the axes used to describe the as-collected Nd-rich phase texture 

represent the same geometrical positions for the EBSD texture analysis of the Nd2Fe14B phase (see 

Figure 5.15). Due to the lack of c-axis alignment with the specimen long axis in the N38 as-received and 

N38 thermally treated samples, described in the results above,�.-Nd and NdOxorientation data for all 

samples are shown by inverse pole figures to accurately highlight any differences resulting from the 

processing treatments.  

It was hypothesized initially that magnetic field annealing might rotate Nd-rich phases, 

specifically NdOx grains, towards preferential orientations along the magnetic field axis. This would be 

most evident by increased intensities towards the (001) pole in theNdOx inverse pole figure.Below 

represent the inverse pole figures, parallel to the long specimen axis, of the �.-Nd and NdOx phases for the 

N38 as-received (Figure 5.18 and Figure 5.19), thermally treated (Figure 5.20 and Figure 5.21), and 

thermomagnetically treated (Figure 5.22 and Figure 5.23) samples. Two GJRs from each sample and 

processing treatment were chosen to represent the inverse pole figure results for�.-Nd and NdOx. The 

intensity colors for the inverse pole figure correspond to the scale adjacent to it, and the units are intensity 

(times random). 

 

 
(a) 

 
(b) 

Figure 5.18 N38 as-received GJR EBSD area A depicting the pole locations of the Nd-rich phases, (a) 
�.-Nd and (b) NdOx. The inverse pole figures correspond to the direction parallel to the 
long specimen axis.The specimen axis and geometry are depicted in Figure 5.15. 

 



 80 

 
(a) 

 
(b) 

Figure 5.19 N38 as-received GJR EBSD area B depicting the pole locations of the Nd-rich phases, (a) 
�.-Nd and (b) NdOx. The inverse pole figures correspond to the direction parallel to the 
long specimen axis. The specimen axis and geometry are depicted in Figure 5.15. 

 

 
(a) 

 
(b) 

Figure 5.20 N38 thermally treated GJR EBSD area A depicting the pole locations of the Nd-rich 
�S�K�D�V�H�V�������D�����.-Nd and (b) NdOx. The inverse pole figures correspond to the direction 
parallel to the long specimen axis. The specimen axis and geometry are depicted in 
Figure 5.15. 

 

  
(a) 

  
(b) 

Figure 5.21 N38 thermally treated GJR EBSD area B depicting the pole locations of the Nd-rich 
�S�K�D�V�H�V�������D�����.-Nd and (b) NdOx. The inverse pole figures correspond to the direction 
parallel to the long specimen axis. The specimen axis and geometry are depicted in 
Figure 5.15. 
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(a) 

  
(b) 

Figure 5.22 N38 thermomagnetically treated GJR EBSD area A depicting the pole locations of the 
Nd-�U�L�F�K���S�K�D�V�H�V�������D�����.-Nd and (b) NdOx. The inverse pole figures correspond to the 
direction parallel to the long specimen axis. The specimen axis and geometry are depicted 
in Figure 5.15. 

 

  
(a) 

  
(b) 

Figure 5.23 N38 thermomagnetically treated GJR EBSD area B depicting the pole locations of the 
Nd-�U�L�F�K���S�K�D�V�H�V�������D�����.-Nd and (b) NdOx. The inverse pole figures correspond to the 
direction parallel to the long specimen axis. The specimen axis and geometry are depicted 
in Figure 5.15. 

 

 Figure 5.18 and Figure 5.19 show pole locations that deviate slightly from one GJR to the other 

GJR in either phase. After thermal (Figure 5.20 and Figure 5.21) and thermomagnetic (Figure 5.22 and 

Figure 5.23) treatment, the inverse pole figures for the �.-Nd phase in (a) show varying intensity locations. 

�:�K�L�O�H���W�K�H���.-Nd pole locations in Figure 5.20(a) and Figure 5.21(a) showed somewhat similar proximities 

between GJRs, as seen in the as-received sample, in the thermomagnetically treated sample 

(Figure 5.22(a) and Figure 5.23(a)), the �.-Nd poles are at opposite corners within the inverse pole figure. 

Likewise, the inverse pole figure intensities for the NdOxphase in (b) show very different intensity 

locations within each inverse pole figure in Figure 5.20(b) and Figure 5.21(b) of the thermally treated 

sample as well as in Figure 5.22(b) and Figure 5.23(b) of the thermomagnetically treated sample. The 

varying locations of the pole intensity within the inverse pole figures for different GJRs and compared 

between samples for different processing treatments suggest that there is no preferential orientation 

towards the specimen axis after PSA treatments in either phase. 
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 In the N38SH sample, comparable results were found. Below represent the inverse pole figures, 

parallel with the long specimen axis�����R�I���W�K�H���.-Nd and NdOx phases for the N38SH as-received 

(Figure 5.24 and Figure 5.25), thermally treated (Figure 5.26 and Figure 5.27), and thermomagnetically 

treated (Figure 5.28 and Figure 5.29) samples. Again, two GJRs from each sample and processing 

treatment were chosen to represent the inverse pole figure results for�.-Nd and NdOx. 

 

  
(a) 

  
(b) 

Figure 5.24 N38SH as-received GJR EBSD area A depicting the pole locations of the Nd-rich phases, 
���D�����.-Nd and (b) NdOx. The inverse pole figures correspond to the direction parallel to the 
long specimen axis. The specimen axis and geometry are depicted in Figure 5.15. 

 

  
(a) 

  
(b) 

Figure 5.25 N38SH as-received GJR EBSD area B depicting the pole locations of the Nd-rich phases, 
���D�����.-Nd and (b) NdOx. The inverse pole figures correspond to the direction parallel to the 
long specimen axis. The specimen axis and geometry are depicted in Figure 5.15. 
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(a) 

  
(b) 

Figure 5.26 N38SH thermally treated GJR EBSD area A depicting the pole locations of the Nd-rich 
�S�K�D�V�H�V�������D�����.-Nd and (b) NdOx. The inverse pole figures correspond to the direction 
parallel to the long specimen axis. The specimen axis and geometry are depicted in 
Figure 5.15. 

 

  
(a) 

  
(b) 

Figure 5.27 N38SH thermally treated GJR EBSD area B depicting the pole locations of the Nd-rich 
�S�K�D�V�H�V�������D�����.-Nd and (b) NdOx. The inverse pole figures correspond to the direction 
parallel to the long specimen axis. The specimen axis and geometry are depicted in 
Figure 5.15. 

 

  
(a) 

  
(b) 

Figure 5.28 N38SH thermomagnetically treated GJR EBSD area A depicting the pole locations of the 
Nd-�U�L�F�K���S�K�D�V�H�V�������D�����.-Nd and (b) NdOx. The inverse pole figures correspond to the 
direction parallel to the long specimen axis. The specimen axis and geometry are depicted 
in Figure 5.15. 
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(a) 

  
(b) 

Figure 5.29 N38SH thermomagnetically treated GJR EBSD area B depicting the pole locations of the 
Nd-�U�L�F�K���S�K�D�V�H�V�������D�����.-Nd and (b) NdOx. The inverse pole figures correspond to the 
direction parallel to the long specimen axis. The specimen axis and geometry are depicted 
in Figure 5.15. 

 

�7�K�H���.-Nd inverse pole figures show intensity locations that, while tending to be absent as (�����210), 

vary in each sample. Similarly, the location of NdOx inverse pole figure intensities vary, particularly 

between GJRs of the same sample. Therefore, there is no systematic and consistent change in orientation 

intensities towards the specimen axis, or any particular specimen orientation for that matter, after thermal 

or thermomagnetic treatment in either the N38 or N38SH sample. It is not clear from this work that 

annealing of these magnets in a magnetic field influences the orientation of NdOx grains in the GJR. 

While systematic preferences towards certain poleorientations do not exist, there appearedto be phase 

texture within the GJRs�����Z�K�L�F�K���Z�D�V���G�H�W�H�F�W�H�G���X�S�R�Q���D�Q�D�O�\�]�L�Q�J���S�R�O�H���I�L�J�X�U�H���G�D�W�D���R�I���W�K�H���.-Nd and NdOxphases 

which is discussed below. 

Displayed in Figure 5.30 are typical pole figures derived from the EBSD data for the Nd-rich 

phases. Sharp intensities found in each pole figure indicate the presence of texture.The pole figures for the 

�.-Nd are shown in Figure 5.30(a) and Figure 5.30(b) and for NdOxinFigure 5.30(c) and Figure 5.30(d). 

The pole figures represent two different GJRs in the same sample where Figure 5.30(a) and Figure 5.30(c) 

belong to one GJR and the Figure 5.30(b) and Figure 5.30(d) belong to the other. The intensity spots for 

each GJR are located differently in the pole figures, suggesting that a single orientation does not correlate 

consistently with a primary specimen axis in either phase, even taking into consideration sample 

geometry errors produced from machining variability of the N38 as-received and thermally treated 

samples. 
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(a) 

  
(b) 

  
 (c) 

  
(d) 

Figure 5.30 Two N38 GJR EBSD areas depicting the sharp intensities indicative of texture in the Nd-
rich phases. �.-Nd, (a) and (b), is seen to have generally one sharp intensity seen in the 
(0001) pole figure due to there being a single orientation for that phase. NdOx intensity 
locations, (c) and (d), can be seen to surround the Nd intensity spots, suggesting an 
orientation relationship between the two phases may be present. Pole figure axis 
represents the long specimen axis whose geometry and specimen axis are depicted in 
Figure 5.15 

 

Pole figure observations do show that the �.-Nd orientations generally display single orientations 

in each GJR, most distinctly seen by the (0001) pole figure of �.-Nd, such as in Figure 5.30(a) and (b), 

although occasionally there are two orientation intensity regions. If there is a second orientation, it is 

generally of much less intensity than the other region. Unlike the �.-Nd, the NdOx phase shows many 

grains each with varying orientation.It was noticed, however, that theNdOx(001) pole figure intensity 

regions tended to revolve around the (0001) pole figure highest intensity spot of the �.-Nd phase when the 

different pole figures were superimposed. Therefore, it was theorized that there might be an orientation 

relationship between the two phases, which would be responsible for the sharp texture intensities. This 

was confirmed and is more clearly visualized when the sample geometry is rotated to an orientation where 

important poles lie in the center of the pole figure. The geometry rotation and its effects are demonstrated 
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inFigure 5.31. 

 

 
 (a) 

  
(b)Unrotated 

  
(c) Rotated  

Figure 5.31 (a) Process demonstrating the rotation of the specimen geometry used to assess the 
orientation relationship between phases. The original sample orientation with the (0001) 
specimen axis was (b) rotated to coincide with the center of the pole figure (c). 

 

Once the single or most intense texture spot of the (0001) pole figure in the �.-Nd phase of the 

original specimen geometry is centered in the pole figure, the NdOx intensity spots become arranged 

accordingly using the same rotation. The rotation effect on the NdOx pole figures is shown in Figure 5.32. 
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(a) Nd Pole Figures, Original specimen  

 
 

(b ) Nd Pole Figures, Rotated 

 
 

(c) NdOx Pole Figures, Original specimen 

 
 

(d) NdOx Pole Figures, Rotated  

Figure 5.32 The effects of rotating the specimen geometry so that the Nd orientation is positioned at 
the center of the pole figure (c-d) rather than the original specimen axis (a-b). 

 

The orientation relationship between the NdOx and �.-Nd phase is obvious after specimen 

rotation, and the pole figures show concise and matching intensities. Viewed next to each other, the 

(0001) center intensity of the �.-Nd phase matches the center intensity of the (111) NdOx pole figure. 

Likewise, the (112
$0) Nd and (110) NdOxhave matching locations of intensity spots. Thus, the orientation 

relationship can be represented usingthese poles and directions.Adding considerations of crystal 

structures, it becomes apparentthat the orientation relationship between �.-Nd and NdOx is (0001)�.-

Nd||(111) NdOxand [112
$0]�.-Nd||[1
$10]NdOx. This is a commonly observed orientation relationship found 

between hexagonal and face-centered cubic phases in which the closed packed planes and directions of 

each phase are parallel to each other.�.-Nd and NdOx fall into this category because �.-Nd is hexagonal and 

NdOx is face-centered cubic. 

�5�H�S�U�H�V�H�Q�W�H�G���E�H�O�R�Z���D�U�H���W�K�H���U�R�W�D�W�H�G���S�R�O�H���I�L�J�X�U�H�V���R�I���W�K�H���.-Nd and NdOxphases for two GJRs within 

each sample and processing treatment. Pole figure data for the N38 magnet are given for the as-received 
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(Figure 5.33 and Figure 5.34), thermally treated (Figure 5.35 and Figure 5.36), and thermomagnetically 

treated (Figure 5.37and Figure 5.38) samples. Pole figure data for the N38SH magnet are also given for 

the as-received (Figure 5.39and Figure 5.40), thermally treated (Figure 5.41 and Figure 5.42), and 

thermomagnetically treated (Figure 5.43and Figure 5.44) samples. 

 

  
(a) 

  
(b) 

Figure 5.33 N38 as-received GJR EBSD area A rotated pole figures showing theorientation 
relationship formed by �.-Nd (a) and NdOx (b). 

 

 
(a) 

 
(b) 

Figure 5.34 N38 as-received GJR EBSD area B rotated pole figures showing the orientation 
relationship formed by �.-Nd (a) and NdOx (b). 
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(a) 

 

(b) 

Figure 5.35 N38 thermally treated GJR EBSD area A rotated pole figures showing the orientation 
relationship formed by �.-Nd (a) and NdOx (b). 

 

 
(a) 

 
(b) 

Figure 5.36 N38 thermally treated GJR EBSD area B rotated pole figures showing the orientation 
relationship formed by �.-Nd (a) and NdOx (b). 

 

 
(a) 

 
(b) 

Figure 5.37 N38 thermomagnetically treated GJR EBSD area A rotated pole figures showing the 
orientation relationship formed by �.-Nd (a) and NdOx (b). 
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(a) 

  
(b) 

Figure 5.38 N38 thermomagnetically treated GJR EBSD area B rotated pole figures showing the 
orientation relationship formed by �.-Nd (a) and NdOx (b). 

 

 
(a) 

 
(b) 

Figure 5.39 N38SH as-received GJR EBSD area A rotated pole figures showing the orientation 
relationship formed by �.-Nd (a) and NdOx (b). 

 

 
(a) 

 
(b) 

Figure 5.40 N38SH as-received GJR EBSD area B rotated pole figures showing the orientation 
relationship formed by �.-Nd (a) and NdOx (b). 
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(a) 

 
(b) 

Figure 5.41 N38SH thermally treated GJR EBSD area A rotated pole figures showing the orientation 
relationship formed by �.-Nd (a) and NdOx (b). 

 

 
(a) 

 
(b) 

Figure 5.42 N38SH thermally treated GJR EBSD area B rotated pole figures showing the orientation 
relationship formed by �.-Nd (a) and NdOx (b). 

 

 
(a) 

 
(b) 

Figure 5.43 N38SH thermomagnetically treated GJR EBSD area A rotated pole figures showing the 
orientation relationship formed by �.-Nd (a) and NdOx (b). 



 92 

 

 
(a) 

 
(b) 

Figure 5.44 N38SH thermomagnetically treated GJR EBSD area B rotated pole figures showing the 
orientation relationship formed by �.-Nd (a) and NdOx (b). 

 

Il lustrated above, it is clear from the pole figures of the as-received, thermally treated, and 

thermomagnetically treated samples in both magnets, that the identified orientation relationship applies 

for each of the processing treatments. Although it is apparent in the pole figures that the orientation 

relationship is easily distinguishable, a wider spread of orientations was found for the NdOx grains in 

some samples. For instance, inthe N38 thermally treated sample, the pole figures (Figure 5.35(b) and 

Figure 5.36(b)) contains several regions of lesser intensity in comparison to the as-received condition 

(Figure 5.33(b) and Figure 5.34(b)) or the thermally treated samples (Figure 5.37(b) and Figure 5.38 (b)), 

indicating a spread of grain orientations in the NdOx. To further explore the influences of annealing 

treatment on the orientation relationship, texture intensity levels between treatments were analyzed in 

more detail. These results are presented in Table 5.1. 

Comparing the average intensities of the NdOx grains, it was concluded that there were not 

significant changes from one processing treatment to another, and that the same orientation relationship 

between the �.-Nd phase and NdOx phases is seen amongst the GJR regions for all samplesanalyzed 

regardless of treatment. The data suggest that the orientation relationship develops for both magnets at 

temperatures higher than that of PSA. The �.-Nd-NdOxorientation relationship is believed to specifically 

develop during the higher temperature stages of the sintering process from a eutectic reaction between the 

Nd and O in the liquid. This eutectic reaction, along with the solidification of the other identified GJRs, is 

discussed further in the next section.  
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Table 5.1 �± Average Maximum Pole Figure Intensity (times random) in GJRs for �.-Nd and NdOxPhases 

Magnet 

 

Maximum Pole Figure 
Intensity 

 
Magnet 

 

Maximum Pole Figure 
Intensity 

N38 GJR �r-Nd  NdOx  N38SH GJR �r-Nd  NdOx 

AR A 25 13  AR A 100 13 

  B 94 15    B 111 13 

  C 102 23    C 68 14 

  D 94 17    D 95 13 

  AVERAGE 79 17    AVERAGE 93 13 

    

 

    HT A 96 12  HT A 100 18 

  B 108 13    B 99 19 

  C 111 13    C 104 11 

  D 109 16    D 66 13 

  E 111 15    AVERAGE 92 15 

  AVERAGE 107 14  

    

    

 

    MT A 105 16  MT A 89 23 

  B 105 12    B 82 22 

  C 110 17    C 58 19 

  D 104 23    D 43 20 

  AVERAGE 106 17    AVERAGE 68 21 
 

 

5.4 Solidification Routes during Annealing 

 

 Phase identification using the combination of high resolution BSE imaging, EDS mapping and 

EBSD analysis techniques provides a way to characterize typical GJRs. With the information concerning 

the phases present and the orientation relationshipsdetected, insights related to microstructure evolution 

can be inferred. Connections can be drawn between the phases, their known phase diagrams, and the 

temperatures utilized in the sintering and manufacturing processes. Liquid penetration into the grain 

boundary areas is believed to be important to the development of optimal grain boundary 

characteristics[29, 17, 10], thus the melting and the solidification of the phases found in the GJR and the 

possible resulting effects on intergranular phase formation are discussed.  

5.4.1 Solidification of GJR Phases 

From the phase analysis, presented in section5.2, it was concluded that within the GJR, there 

appear to be multiple phases present, includingNdOx �S�D�U�W�L�F�O�H�V���V�X�U�U�R�X�Q�G�H�G���E�\���D�Q���.-Nd matrix, the �• and 

NdCu phases from the Nd-Fe-Cu ternary system, and Nb-Fe precipitate particles suggested to be the 
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NbFe2phase. In this section,the formation of the GJR phases in terms of their respective phase systems 

and phase diagrams is discussed. GJR phase evolution theories concerning the Nd-O binary system and 

solidification routes involvingthe Nd-Cu-Fe ternary system are presented below based on the findings in 

the previous section.  

Understanding the development of the Nd-rich phases involves careful consideration of the 

phases identified, the morphologies found in the microstructure, the orientation relationships detected 

between the phases, and the connection between these factors and the Nd-O phase diagram. To 

summarize the Nd-rich phase evaluation results presented in the earlier sections, the Nd-oxides found in 

the GJR consist of face centered cubic NdO and NdO2. Surrounding these cubic oxides is the hexagonal 

�.-Nd phase. The majority of the GJR cubic oxide precipitates exhibited varying particle sizes, up to 1um, 

and contained morphologies of both round particles and elongated shapes as seen in the figures presented 

in 5.2.2. The two-�S�K�D�V�H���.-Nd-NdOx morphologyis consistent with a spherical type eutectic reaction from 

the liquid[68].Dendrites were also observed within the N38SH AR sample, Figure 5.45, indicating a 

eutectic reaction similar to eutectic morphologies in other systems [84]. These dendrites were assumed to 

be NdOx as their size, BSE contrast, and location are consistent with those indexed by EBSD.  

 

 

  
(a) 

 

  
(b) 

Figure 5.45 �%�6�(���L�P�D�J�H�V���R�I���W�K�H���1�����6�+���$�5���V�S�H�F�L�P�H�Q���*�-�5���G�H�S�L�F�W�L�Q�J���.-Nd and NdOx with a clearly 
eutectic morphology[68]. 

 

Morphology alone is insufficient to determine the Nd-rich phase formation mechanism, therefore, 

possible reactions according to the Nd-O binary phase diagram were considered as well. The Nd-O phase 

diagram, presented in section 2.1.2,is displayed below in Figure 5.46.  
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Figure 5.46 Tentative Nd-O binary phase diagram. [53] 

 

It is seen from Figure 5.46that �W�K�H�U�H���L�V���D���H�X�W�H�F�W�L�F���U�H�D�F�W�L�R�Q���E�H�W�Z�H�H�Q���.-Nd and NdO at 1294K. This 

temperature is within the range of the Nd-Fe-B sintered magnet processing temperatures, 1400K and 

below. According to the phase diagram, a solid-state reactioncould alsoproduce the Nd2O3-hcp phase, 

which was never indexed by EBSD in any region analyzed. Thus, a solid-state reaction involving this 

phase is not expected to account for the evolution of the Nd-rich phases in the GJRs of this study and the 

mechanism is most likely eutectic solidification. The �.-Nd-NdO eutectic reaction at 1294K, consistent 

with the mechanism proposed based on morphology, is further supported by the texture analysis. Eutectic 

�U�H�D�F�W�L�R�Q�V���K�D�Y�H���E�H�H�Q���V�K�R�Z�Q���W�R���S�U�R�G�X�F�H���R�U�L�H�Q�W�D�W�L�R�Q���U�H�O�D�W�L�R�Q�V�K�L�S�V���O�L�N�H���W�K�H���R�Q�H���G�H�W�H�F�W�H�G���E�H�W�Z�H�H�Q���.-Nd and 

NdO [72]. Additionally, because the orientation relationship was shown to persist through the subsequent 

580°C thermal treatments, it suggests that the orientation relationship was developed at higher 

temperatures. 

The Nd-rich phase evolution is hypothesized to occur as follows: Beginning withquenching from 

the 1050°C liquid phase sintering temperature, the Nd-rich liquid containing dissolved oxygen begins to 

solidify,resulting in a structurewhich is dependent on the oxygen content. It is thought that the oxygen 

content may vary from GJR to GJR, based on the observed variation of morphologies within the 

microstructure. For example, larger primary NdOxgrains were identified among the �1�G�2���D�Q�G���.-Nd 

eutectic mixture inFigure 5.5, whileprimary �.-Ndgrain regions were occasionally seen (e.g. Figure 5.45). 

Further,some GJRs appeared to contain only the eutectic mixture such as in Figure 5.5. Regardless, the 

solidification of the eutectic constituent is also believed to have produced the orientation relationship 

between �.-Nd and NdO. This orientation relationship and the primary constituent should remain through 
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lower temperature heat treatments. It is unclear whether or not the existence of NdO2, identified by 

EBSD,results fromcooling from sintering or from oxidation, as the metastable NdO2phase is not included 

in the still tentative Nd-O binary phase diagram. The remaining Nd-�U�L�F�K���O�L�T�X�L�G���Q�R�W���F�R�Q�W�U�L�E�X�W�L�Q�J���W�R���W�K�H���.-

Nd�±NdO eutectic reaction isbelieved to be enriched in Cu and Fe. The amount of this remaining Nd-rich 

liquid, i.e. the amount of Nd that has not solidified in the Nd-O eutectic reaction, is likely dependent on 

oxygen content, and at the very least contains enough Nd to contribute to NdCu and �• formation. The Cu 

enrichmentof the remaining liquid results in solidification at lower temperatures because Cu decreases the 

Nd-Fe-Cu liquidus temperatures dramatically and finally results in a ternary eutectic at 486°C 

[19,10,17,29]. The solidification of the remaining liquid is described below.  

Unlike the formation of the Nd-oxides, phases belonging to the ternary Nd-Fe-Cu system are 

expected to be controlled by PSA, again, due to heating above the ternary eutectic temperature. The 

formation of the Nd-Fe-Cu GJR phases thus depends on the behavior of the liquidat the PSA temperature, 

which is largely dictated byits composition. Proper interpretationnecessitates estimating the liquid 

composition. The most direct approach to approximating the liquid composition would involveestimating 

the average Nd-Fe-Cu composition in the GJRs and is easily accomplished through phase fraction 

analysis given the known phases and their compositions and volume fractions; however,multiple issues 

prevented thisquantification in the current study. While the phases were identified, �.-Nd which formed at 

high temperatures and is not expected to remelt during PSA, is indistinguishable from �.-Nd formed from 

the lower temperature Nd-Fe-Cu system reactions.Secondly, the shape anisotropy of the �• phase creates 

quantification problems as well, influencing analysis of iron. Stated earlier in section 5.2.1�����W�K�H���2���S�K�D�V�H��

existsas flat, acicular platelets. This shape renders it difficult to accurately assess phase fractions in the 2-

D cross sections, where some �• particles appearthin while others appear thick. 3-D cross-sections would 

better establishthe �• volume fraction within GJRs and further such studies are warranted. 

Thequantification issues surrounding the GJR composition demand other means of analysis to 

estimate the liquid composition. One such strategy is to approximate the GJR composition,given the bulk 

composition of the magnet,by estimating the volume fraction of the detected phases assumed to solidify 

prior to the PSA temperatures. A typical sintered magnet contains Fe65-Nd22-Dy11-B1-Cu0.1wt.% [76]. 

With additions of Nb, commonly accounting for 0.8wt% [70] in place of Fe [69,70], the bulk composition 

of the magnets in this study are estimated to be Fe64.2-RE33-B1-Cu-0.1-Nb0.8 wt.%, or Fe78.1-RE15.0-B6.2-

Cu0.1-Nb0.6at%, where RE represents total rare earth elements. It is assumed that the Al and Co present in 

the microstructure simply substitute for Fe as was found from the EDS map and spot mode results, 

respectively. The phases considered in the analysis used to estimate the liquid composition are those 

detected in the microstructure andprojected to solidify above the PSA temperatures. These phases include 

the magnetic Nd2Fe14B phase, NbFe2precipitates, N�G�2���D�Q�G���.-Nd from the Nd-O eutectic reaction, and the 
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Nd1.1Fe4B4phase.  

In the Nd-Fe-B ternary systemthe Nd1.1Fe4B4phaseforms at ~ 665°C (the ternary eutectic 

temperature) and is commonly seen in sintered Nd-Fe-B magnets [1]. The Nd1.1Fe4B4 phase composition 

was identified in the mechanically polished samples through EDS spot mode analysis which is shown in 

Figure 5.47. The Nd1.1Fe4B4 phase is a secondary phase which may be observed, for example, in the 

N38SH cross-sectionally polished samples indicated by the white arrows in Figure 5.48(a). 

 

 

Figure 5.47 BSE images of the N38 mechanically polished sample. Regions of what is likely the 
Nd1.1Fe4B4 phase are arrowed in white. The rare earth and iron compositions displayed 
below the BSE images were collected using EDS spot analysis and are consistent with the 
Nd1.1Fe4B4 phase. 

 

This phase, slightly darker in contrast than the magnetic phase due to increased B content, is 

much larger than other secondary phase constituents. Nd1.1Fe4B4, a paramagnetic phase, is present as 

single grains within GJRs and has wavy phase boundaries, in comparison to the spherical morphology of 

the magnetic grains or the rectangular geometry of the acicular �• phase. The Nd1.1Fe4B4present in the 

magnets of this study matches the appearance in literature, given in Figure 5.48(b). 

To estimate the GJR composition, the following assumptions were made regarding the Nd1.1Fe4B4 

phase, in addition to the other phases considered: the phase fraction of the magnetic phase found from 2-

D cross-sections is representative of the entire microstructure, the NbFe2phase accounts forall of the Nb 

within the magnet, and any B not in the matrix phase reacts completely to form Nd1.1Fe4B4. To address 

the first assumption, ImageJ was utilized to estimate the phase fraction of the magnetic phase for each 

sample, measuring 92% Nd2Fe14B, which was consistent for all magnets studied. This value additionally 

agrees with reported values for fully dense sintered magnets [64,5]. The Nd1.1Fe4B4 phase, containing the 

excess B, and the NbFe2 containing the Nb, each account for 1.8vol% of the total microstructure. The 

remaining 4.4vol% of the microstructure belongs mostly to GJRs, and comprises Nd-oxides and the 

phases from the Nd-Fe-Cu ternary system. This composition of phases is Nd4.2-xFe0.4Cu0.1, where x 
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represents the amount of NdOx �D�Q�G���.-Nd forming from the high temperature eutectic reaction, which is 

unknown. Details describing the calculations to estimate the liquid composition are available in 

APPENDIX C. Despite the unknown Nd content, inferences may be made according to the Fe and Cu 

ratios in determining the liquid composition. 

 

  

 

(a) 

 

 

(b) 

Figure 5.48 (a) BSE image showing multiple regions of what is likely the Nd1.1Fe4B4 phase, the 
slightly darker phase as compared to the magnetic phase grains and indicated by the 
white arrows, in the N38SH AR microstructure. (b) The microstructure found in literature 
of a Nd-Fe-B ternary sintered magnet showing similar phase characteristics. T1, T2, and 
Nd represent the Nd2Fe14B, Nd1.1Fe4B4, and Nd-rich phases, respectively [4]. 

 

Specifically, theGJR composition is calculated to contain four times as much Fe as 

Cu,irrespective of Nd. A tie line may thus be drawn from the Nd-rich corner of the 600°C isotherm, 

representative of the PSA temperature, through the points satisfying the 4:1 Fe to Cu ratio, illustrated in 

Figure 5.49. The intersection of this tie line with the liquidus line nearest to the Nd-rich corner, 

designated by the blue circle in Figure 5.49, indicates the estimated liquid composition at the PSA 

�W�H�P�S�H�U�D�W�X�U�H�����,�W���L�V���V�X�J�J�H�V�W�H�G���I�U�R�P���W�K�H���S�H�U�V�L�V�W�L�Q�J���.-Nd-NdOx �R�U�L�H�Q�W�D�W�L�R�Q���U�H�O�D�W�L�R�Q�V�K�L�S���W�K�D�W���V�R�O�L�G���.-Nd exists 

in equilibrium with the liquid at the PSA temperature. Thus, the intersection point in Figure 5.49 is 

�M�X�V�W�L�I�L�H�G���E�H�F�D�X�V�H���L�W���I�R�O�O�R�Z�V���W�K�D�W���W�K�H���*�-�5���F�R�P�S�R�V�L�W�L�R�Q���P�X�V�W���O�L�H���V�R�P�H�Z�K�H�U�H���L�Q���W�K�H���.-Ndsolid+L region. 

According to the intersection point on the phase diagram, the liquid composition is estimated to be 79% 

Nd, 17% Fe, and 4% Cu. Although the liquid composition is estimated, the amount of liquid present at the 

PSA temperature remains an unknown variable. The behavior of the liquid,Nd79Fe17Cu4, upon cooling is 

theorized below with the aid of the Nd-Fe-Cu liquidus phase diagram, depicted in Figure 5.50. 
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Figure 5.49 The 600°C Nd-Fe-Cu isotherm. The red line represents compositions which satisfy a ratio 
of 4:1 Fe to Cu. The blue circle encompasses the intersection of the red line and the 
liquidus line near the Nd-rich corner, and represents the estimated liquid composition 
used for solidification analysis of the Nd-Fe-Cu phases in the sintered magnet. 

 

 

Figure 5.50 Nd-Fe-Cu ternary liquidus phase diagram showing the Nd-rich corner. The estimated 
liquid composition, Nd79Fe17Cu4, is labelled L600C. 

 

Before analyzing the solidification of the liquid, it is worth noting that in Raghavan�¶s article [77], 

the eutectic point (E) at 486°C and the peritectic point (U) at512°C in Figure 2.11(a) were mistakenly 

reversed. This mistake is confirmed by the original paper published concerning the phase diagram by 

Muelleret al. [48], and is revised in Figure 5.50. Following the corrected liquidus phase diagram, the 

solidification route begins �Z�L�W�K���I�R�U�P�D�W�L�R�Q���R�I���.-Nd, as the liquid composition moves from the initial 
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composition, labelled L600C in Figure 5.50, to theliquidus trough which lies �E�H�W�Z�H�H�Q���W�K�H���.-Nd and �• 

regions. Theportion of liquid forming the newly solidified �.-Nd is expected to be small, based on the 

�F�O�R�V�H���S�U�R�[�L�P�L�W�\���R�I���W�K�H���V�W�D�U�W�L�Q�J���F�R�P�S�R�V�L�W�L�R�Q���W�R���W�K�H���.-Nd-�• �W�U�R�X�J�K�����7�K�L�V���.-Nd most likely contributes to the 

growth of preexisting �.-Nd �J�U�D�L�Q�V���Z�K�L�F�K���V�R�O�L�G�L�I�L�H�G���D�W���K�L�J�K�H�U���W�H�P�S�H�U�D�W�X�U�H�V�����.-Nd growth instead of 

nucleation issupported by the texture profiles of section 5.3.2, in which it was seen that the orientation 

�U�H�O�D�W�L�R�Q�V�K�L�S���E�H�W�Z�H�H�Q���.-Nd and NdOx, which presumably forms at the sintering temperature,is maintained 

regardless ofthe PSA. 

Once the liquid composition reaches the trough, the liquid composition will continue down the 

trough, as�• and more �.-Nd form�����7�K�H���.-Nd continues to grow from previously nucleated grains while �•��is 

suggested to nucleate epitaxially on the Nd2Fe14B grains, which was discussed in section 5.2.1 and 

demonstrated to occur in figures such as Figure 5.12 and Figure 5.8.T�K�H���2���D�Q�G���.-Nd phases will form as 

the liquid composition follows the trough until reaching the eutectic point, (E) in Figure 5.50. Any 

remaining liquid should simultaneously form �2�����.-Nd, and NdCu under equilibrium conditions.From the 

above theory of solidification behavior based on the estimated liquid composition, it is found that the 

NdCu phase forms in the sintered magnet only at the eutectic point. The NdCu appearance in the GJR 

corners, seen in the BSE images of section 5.2.1,suggests that these GJR corners, as well as the grain 

boundary regions, are where the last liquid freezes. It is crucial to understandthecomposition of the last 

liquid freezing in the GJR, as itgreatlyimpactsthe resulting grain boundary phase, and therefore coercivity. 

Factors affecting the liquid composition at the eutectic temperature, specifically the cooling rate,and the 

resulting effects on the grain boundary phase are further addressed in the next section.  

5.4.2 Cooling Rate Effects on GJR Solidification 

 

 Intergranular phase formation is still a debated topic, and the exact mechanism or mechanisms 

responsible for its development are not completely understood. A favorable and well supported theory 

suggests that grain boundary wetting, in conjunction withcapillary motion [29,17,10],is key for ideal grain 

boundary phase formation [19,17,30]. Grain boundary wetting is known to improve with Cu additions. 

Sessile drop experiments have shown significant reduction inwetting angles with the addition of Cuto Nd-

Fe-B ingots [19,73].Factors which affect the Cu concentrations of the liquid in the GJR are therefore 

extremely influential to the ability of the grain boundary phase to wet the magnetic grains, which is 

suggested to be beneficial for interfacial �µcleanup�¶����i.e. the smoothing of atomic scale roughness on 

magnetic grain surfaces, and the reduction of reverse domain nucleation. The solidification route of the 

liquid theorized above follows equilibrium conditions, and as such should be affected by cooling rates, 

which in turn could alter the Cu concentrations of the last liquid to freeze. Thegrain wetting 
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characteristics of the final liquid is therefore believed to be particularly affected by cooling rates and 

theresulting changes toCu-enrichment. Cooling rate effects are reviewed below and are discussed 

additionally in terms of coercivity improvements.  

 Because equilibrium cooling rates are likely very slow, �L�W���L�V���L�P�S�U�R�E�D�E�O�H���W�K�D�W���W�K�H���.-Nd, NdCu, and 

�2��phase fractions suggested to solidify by the composition at the eutectic point on the Nd-Fe-Cu liquidus 

phase diagram���������. -�1�G�����������1�G�&�X�����D�Q�G���������2����are to occur in natural freezing. Even at extremely slow 

cooling rates, it is interpretedthat theL�Æ �.-�1�G�������2��reaction precedingthe final solidification through the 

ternary eutectictemperature regime does not reach completion or solidify at equilibrium rates. For 

instance,�.-Nd may form faster than �•during natural freezing because it is suspected to grow from existing 

solid �.-Nd present in the GJRs whereas the �• phase has to nucleate from the liquid.The cooling rate, 

therefore, �D�I�I�H�F�W�V���W�K�H���I�L�Q�D�O���O�L�T�X�L�G���F�R�P�S�R�V�L�W�L�R�Q���E�\���K�R�Z���P�X�F�K���2���D�Q�G���.-Nd forms before solidification is 

complete. This is important as the faster the cooling rate, the lessliquid is likely to reach the higher Cu 

contents when compared with slower cooling rates. Alternatively, the slower cooling rates should allow 

more partitioning of Cu into the remaining liquid and enhance the wetting described above.It is thus 

hypothesized that the slowest cooling rates give the most Cu-rich liquid compositions. This increased Cu-

enrichment from the slower cooling rates is believed to promote grain boundary wetting, and improved 

grain boundary wetting should prevent reverse domain nucleation by �U�H�G�X�F�L�Q�J���³roughness�  ́of the 

magnetic grain surfaces, ultimately improving coercivity. However, this hypothesis appears to be 

inconsistent with the cooling rate versus coercivity results shown inFigure 5.51, where it can be seen that 

intermediate cooling rates, 0.8°C/s, producethe highest coercivity compared to the rapid cooling 

rates,0.32°C/s , and slow cooling rates, 0.2°C/s. The discrepancy may be explained by proposed effects 

that cooling rate might induce on grain boundary phase formation. 

 

 

  

Figure 5.51 The effect of cooling rates on coercivity from post sinter annealing of the N38 magnet. 
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 The grain boundary phase is expected to both melt first and solidify last. Assuming that the liquid 

in this region solidifies by the ternary eutectic reaction described by the liquidus Nd-Fe-Cu ternary phase 

diagram, additional cooling rate effects may be considered.Specifically, while slower cooling rates may 

enable more ideal Cu enrichment of the liquid which wetsthe grain boundary regions, it may also cause 

coarsening of the final phases to solidify, which may be detrimental to the homogeneity of the grain 

boundary phase.Specifically, the heterogeneityassociated with coarser crystalline grain boundary phases 

may increase the likelihood of reverse domain nucleation [1]. On the other hand, intermediate cooling 

rates could produce finer, more homogenous grain boundary phases, or eveninduce a glassy state[75]. 

Either might be advantageous for obtaining higher coercivity[44, 18].Another possibility maybe that 

slower cooling rates allow more dewetting by the liquid[74], causing contraction of the liquid away from 

the intergranular regions back into the GJRs, eliminating the grain boundary phase layer between 

magnetic grains, and subsequently increasing exchange couplingof the magnetic grains which would then 

be in contact. Studies of the grain boundary regions in the slowlyand rapidly cooled magnets are needed 

to confirm either theory.  

 The changes in coercivity resulting from the PSA treatments of the two magnets, N38 and 

N38SH, introduce complexity as well. While the PSA treatment improved coercivity for the N38 magnet, 

the coercivity of the N38SH magnet was relatively unchanged. A particular challenge to evaluating the 

cause of the difference in coercivity enhancement arises because the thermal histories of the commercial 

magnets are unknown. Assumptions may be made regarding the cooling rate and temperature from the 

initial sintering stage, where rapid cooling is typical and was �H�Y�L�G�H�Q�W���E�\���W�K�H���.-Nd-NdO eutectic 

formation, but the microstructure prior to and the parameters involving the first PSA treatment are 

unknown. The best means of interpretation of the coercivity enhancement in the N38 magnet which was 

not seen in the N38SH magnet lies in studying the grain boundary regions of the two magnets, and may 

give hints to the liquid behavior during the initial PSA treatment. The characteristics of the N38 and 

N38SH grain boundary regions, analyzed by HRSEM imaging,are presented in the next section and 

related to the magnetic properties. 

5.5 Microstructural Influences on Coercivity 

 

 To obtain coercivity improvements by means of microstructural refinement, it is necessary to 

understand the underlying coercivity mechanisms. Current literature suggests the minimization of reverse 

magnetic domain nucleation is most important. However, with the possibility of ferromagnetic grain 

boundaries which would cause exchange coupling, this interpretation is being questioned [33]. In the N38 

and N38SH magnets studied here, both reverse magnetic domain nucleation and domain wall pinning 
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areconsidered in the following discussion. Microstructural characteristics thought to influence coercivity 

are discussed in two sections. The first section covers intergranular phase characteristicsof the N38 and 

N38SH magnets, and relates these findings to theories of liquid behavior occurring during both the 

commercial process and the PSA treatment implemented in this specific study. The second section offers 

a microstructural analysis of additional phases thought to be influential to coercivity by domain wall 

pinning. 

5.5.1 Grain Boundary Phase Effects on Coercivity 

 Stated in section 5.4.2, the microstructural characteristics of the intergranular phase in the N38 

and N38SH magnets are critical not only to understanding the differences in coercivity, but also to 

understanding the behavior of the liquid which forms the intergranular phase. There is added importance 

tograin boundary phase analysis because the thermal history of the commerciallyobtained magnets is 

missing.Shown belowin Figure 5.52andFigure 5.53are HRSEM BSE imagesrepresentative of the 

intergranular phases for the as-received, thermally treated, and thermomagnetically treated N38 and 

N38SH magnets, respectively.While not every grain boundary can be imaged or analyzed, the selected 

regions in the micrographs of Figure 5.52 and Figure 5.53 represent the most commonly found grain 

boundary phase morphologies. Some areas appear to show magnetic matrix grains touching, but 

confirmation using TEM studies is required to confirm this, as intergranular phases may be as thin as 

1.5nm [33,22,37,9]. 

 From Figure 5.52 (a-c), the as-received N38 micrographs reveal a very thin, brightly contrasted 

intergranular phase which occurs with varying thickness. The bright contrast represents enrichment in rare 

earth content. The morphology typically alternates between thin regions and small, round pockets of 

intergranular phase, giving a dotted appearance that signifies larger wetting angles [75]. In Figure 5.52 (d-

f), the thermally treated N38 magnet, there appears to be two different types of grain boundary phase 

morphologies. Represented by Figure 5.52 (f), there are regions which look quite similar to the grain 

boundary characteristics found in the as-received magnet, with generally thinner sections containing 

brightly contrasted pockets of intergranular phase. On the other hand, in Figure 5.52 (d-e) there appears a 

second type of intergranular phase morphology. It is characterized by thicker regions that are in contact 

with lengthiersections of magnetic phase, and contains fewer abrupt changes in thickness, i.e., fewer 

�³�S�R�F�N�H�W�V�´���R�I���L�Q�W�H�U�J�U�D�Q�X�O�D�U���S�K�D�V�H����Figure 5.52(g-i) shows results consistent with those from Figure 5.52(d-

f), suggesting that the thermomagnetically treated samples have the same grain boundary phase 

characteristics as the thermally treated sample, and that the magnetic field, like in the GJRs, has no visible 

effects on intergranular phase formation. The similar micrographs of the thicker intergranular phase 

regions found in the thermally treated and thermomagnetically treated samples but not found within the 
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as-received sample, indicate that these grain boundary phase characteristics might result from the PSA 

treatment specific to this study. The absence of abrupt thickness changes from the intergranular phase 

pockets, which were prominent in the as-received magnet, could indicate that the second PSA treatment 

from this study produces Cu-enrichment in the liquid that decreases the wetting angle of the liquid, 

increasing grain boundary wetting.  
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Figure 5.52 BSE images providing examples of grain boundary phase characteristics for each 
processing treatment in the N38 samples. The grain boundary regions are representative of 
the most commonly seen intergranular phase morphologies, offering a depiction of the 
typical differences seen in the as-received sample (a-c), thermally treated sample (d-f), and 
thermomagnetically treated sample (g-i). 
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Figure 5.53 BSE images providing examples of grain boundary phase characteristics for each processing 
treatment in the N38SH samples. The grain boundary regions are representative of the most 
commonly seen intergranular phase morphologies, offering a depiction of the typical 
differences seen in the as-received sample (a-c), thermally treated sample (d-f), and 
thermomagnetically treated sample (g-i). 

 

The increases in coercivity in the N38 thermally and thermomagnetically treated magnets may thus be 

justified by fewer occurrences of the intergranular phase pockets, which would have larger surface 

energies [75], and the subsequent decrease in regions capable of nucleating reverse magnetic domains. 

Further studies are needed to confirm increases in Cu-enrichment in the grain boundary phases. 

 The N38SH magnet, contrastingly, did not show significant coercivity improvements upon the 

PSA treatment from this study when compared to the as-received condition. Inspection of the grain 

boundary characteristics in the as-received sample, Figure 5.53(a-c), shows long regions of very thin, 
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continuous intergranular phase, with some smaller pockets of intergranular phase comparable to what was 

also visible in the N38 magnet. In Figure 5.53(d,e) and Figure 5.53(g,i), the thermally treated and 

thermomagnetically treated magnets show slightly more variation in grain boundary phase thicknesses, 

but also still contain many regions,Figure 5.53(f,h), of the smooth, thin intergranular phase morphology 

seen in the N38SH as-received sample. The thicker regions of intergranular phase in the thermally treated 

and thermomagnetically treated N38SH magnet, Figure 5.53(e) and Figure 5.53(g) for example, were not 

as thick as the regions studied from the N38 sample, Figure 5.52(e) and Figure 5.52(g). While the 

variation in thickness of the N38SH grain boundary phase are believed to be less desirable (the thermally 

and thermomagnetically treated samples did show a very small decrease in coercivity which was about 

3%), their appearance may not be as critically detrimental when in the presence of the longer, thin regions 

of intergranular phase. 

 The coercivity and the intergranular phase morphology results suggest that for the N38 magnet, 

wetting was likely improved upon the second PSA treatment, while the N38SH magnet showed 

intergranular phase characteristics which suggested little effect from the second PSA. In the N38 magnet, 

decreases in the occurrence of small pockets of intergranular phase in addition to longer,albeit thicker, 

more continuous grain boundary phase sections indicated improved wetting. The improved wetting likely 

helps to eliminate roughness of the magnetic grain interface, increasing the coercivity. Little variation 

occurred in the intergranular phase morphologies of the N38SH magnet, signifying that the wetting was 

relatively the same across all the samples, and as such the coercivity was mostly unaffected. The 

implications which these results have on the theorized liquid behavior during the commercialPSA remain 

largely speculative due to the number of unknown processing parameters; however, some hypotheses may 

be made based on additional assumptions. One plausible suggestion is the possibility that the two magnets 

have, aside from the known Dy additions to the N38SH magnet, other significant differences in 

composition. For instance, it is known that optimal PSA temperatures vary for different magnet 

compositions [23,9,20]. The processing parameters for the PSA in this study were based on the N38 

magnet studies, but used for both the N38 and N38SH magnet. From the EDS spot mode results in 

Table 4.1 and Table 4.2, it was found that the N38SH magnet contained phases comprising larger Al 

amounts than the N38 magnet, an element known to affect wetting and the eutectic temperature [20]. This 

could explain why one magnet experienced changes from the second PSA and the other did not. The 

results would therefore stress the importance of tailoring PSA treatments to specific compositions to best 

exploit the wetting properties. Additionally, because the phase diagram becomes increasingly complex 

with the inclusion of Al, it is difficult to assess the exact effects which Al has on the Nd-Fe-Cu phase 

diagram. Most likely, however, Al alters the eutectic temperature some, but not the prior phases, as �•and 

NdCu were detected in both magnets. Thus, the theorized solidification behavior (Section 5.4)is relevant 



 107 

with respect to  the assessment of sintered magnet manufacturing, and offersideas related to cooling rates 

for improved processing and grain boundary wetting. 

5.5.2 Other Microstructural Influences on Magnetic Properties 

 It is seen that within the GJR in all samples, the phase morphologies are very similar. The same 

phases exist in typically consistent morphologies and locations. The most prevalent contributor affecting 

coercivity changes is thus believed to bethe grain boundary phase, as it was the only feature which was 

detected to show microstructural changes upon PSA. However, it is important to note that other phases 

and their morphologies, although not necessarily affected by the PSA treatment implemented in this 

study,could impact both the coercivity as well as the coercivity mechanisms. Therefore analysis is 

included in regards to domain wall pinning and the precipitate phases found within the magnetic grains, 

particularly because the chemistry of the grain boundary phase for the N38 and N38SH magnets is still 

unknown. 

 Domain wall pinning is deemed to be more important when the magnetic grains are significantly 

exchange coupled by a ferromagnetic grain boundary phase or when in direct contact with each other 

[33,47]. Although the magnetism of the grain boundary phase is unknown for the N38 and N38SH 

magnets, evidence in the microstructure for domain wall pinning as a method to improve coercivity 

occurs from the existence of precipitates within the Nd2Fe14B grains [69]. These precipitates, especially 

those which are paramagnetic, can interrupt domain wall movement across the grain, and pin the domain 

wall in place[22]. From the microstructures analyzed, both as-received and those thermally and 

thermomagnetically treated, there is consistent occurrence of Nb-rich and Nd-rich, usually NdOx, 

precipitates distributed within the Nd2Fe14B grains. The Nb-rich precipitates within the magnetic grains 

may be seen in the EDS maps of the N38 and N38SH magnets in figures like Figure 5.5(g) and 

Figure 5.10(h). Similarly, NdOx precipitates were located within Nd2Fe14B grains by comparing the Nd 

and O EDS maps such as in Figure 5.54(b) and (d) shown below, and more accurately through the 

corresponding EBSD indexing, represented in Figure 5.13(c).Both Nb-rich and Nd-rich precipitates were 

found to range in size. Smaller intragrain NdOx precipitates can be seen in BSE images and the respective 

EBSD phase maps, such as in Figure 5.13(b) and Figure 5.55(c), as well as in the Nd EDS maps, like that 

in the upper corner of Figure 5.56(b). 
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 (a)N38 MT GJR 

 (b) Nd  (c) Fe  

(d) O  (e) Nb 

Figure 5.54 N38 thermomagnetically treated GJR showing the HRSEM BSE image of the GRJ (a) 
and the corresponding EDS maps (b)-(e) of the same region. 
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 (b) 

 

  
(c) 

Figure 5.55 N38 thermomagnetically GJR EBSD area B showing the BSE image (a) correlating 
with the EBSD Image Quality map(b), depicting diffraction data, and the EBSD Phase 
�P�D�S�����F�����Z�K�H�U�H���U�H�G���F�R�R�U�G�L�Q�D�W�H�V���Z�L�W�K���.-Nd and green with NdOx. 
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 (a) N38SH AR GJR  (b) Nd  (c) Fe  

Figure 5.56 N38SH as-received GJR showing the HRSEM BSE image of the GRJ (a) and the 
correlating EDS maps for (b) Ndand for (c) Fe of the same region. 

 

Larger NdOxgrains were observed as well within the Nd2Fe14B grains in EDS maps,Figure 5.54(b) and (f), 

and in EBSD phase maps, Figure 5.14(b). The larger Nb-rich particles, on the other hand, seem to 

preferentially form in the GJRs, as is shown in Figure 5.7(g) and Figure 5.8(f), whereas smaller Nb-rich 

grains were observed in both GJRs, Figure 5.57(h), and within Nd2Fe14B grains, Figure 5.7(g) and 

Figure 5.5(g). 

 Very small precipitates within magnetic grains, with diameters near the domain exchange length, 

can provide effective domain wall pinning sites [40]. It is difficult to assess the diameters of intragranular 

particles from the EDS maps, but it is obvious that the small precipitates detected in the microstructure 

have grain sizes many times greater than the 3nm Nd2Fe14B exchange width. For instance, one of the 

smallest precipitates found by EBSD, within the Nd2Fe14B grain of Figure 5.13(b), has a diameter of 

approximately 400nm. The existence of smaller particles which are capable of domain wall pinning 

requires confirmation by TEM analysis. Considering the large particles found in the microstructure, Nb 

precipitates like those observed in Figure 5.7(g) have been shown to reduce grain growth of the magnetic 

grains during the sintering process [69]. The effects of the Nb-rich precipitates regarding the nucleation of 

reverse domains have not been extensively studied. The larger intragranular NdOxparticles, unlike the Nb-

rich precipitates, have not been reported to impede Nd2Fe14B grain growth. Their existence should be 

considered detrimental to coercivity because they provide sites for reverse domain nucleation. 
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 (a) N38SH MT GJR 

 (b) Nd  (c) Fe  

 (d) Cu   (e) Al 

 

 (f) O  (g) Dy  (h) Nb 

Figure 5.57 N38SH thermomagnetically treated GJR EBSD area B showing the HRSEM BSE image 
of the GRJ (a) and the correlating EDS maps (b)-(g) of the same region. 

 

 Precipitates that are Nb-rich or are Nd-oxides are not expected to be affected by the low 

temperatures of PSA due to their higher melting points. It is likely that the precipitates form during or 

prior to sintering, either from the starting ingot and powder production stage, or upon quenching from 

sintering temperatures. In summary, the intragranular precipitates found in the N38 and N38SH 

microstructures are assumed to not provide domain wall pinning due to their large particle sizes, nor do 

they contribute to the coercivity enhancements seen in the N38 magnet by means of PSA. Coercivity 

improvements from PSA in NdFeB sintered magnets are therefore not likely governed by domain wall 

pinning, but rather by the prevention of reverse domain nucleation, which was suggested by the earlier 

arguments presented in section 5.5.1. 



 111 

 

CHAPTER 6: CONCLUSIONS 

 The aims of this work were to improve coercivity of sintered NdFeB magnets by thermomagnetic 

annealing and to characterize the microstructural contributions from the magnetic field. While previous 

authors report coercivity enhancements by annealing in a magnetic field, this study found no substantial 

improvements in magnetic properties from magnetic field presence. Microstructuralfeatures hypothesized 

to be influenced by the magnetic field were nonetheless analyzed. Coercivity increased in the Dy-free 

sample (N38) afterthermal treatment regardless of magnetic field presence. Coercivity did not improve 

with processing treatments in the Dy-containing sample (N38SH); however, thermal treatments enhanced 

theBHmax, although no effects on the BHmaxfrom the magnetic field were observed. 

 To characterize each magnet and processing treatment, a new microstructural characterization 

preparation technique was developed to best analyze the GJRs.This technique utilized a cross-section 

polisher and significantly reduced risks of oxygen contamination during sample preparation. The cross-

section polishing of samples significantly improved resolution and revealed that the GJRs consisted of 

multiple, distinct phases. These phases varied slightly in size and quantity from GJR to GJR, but 

exhibited consistent morphologies and distributions throughout the microstructure. Results from HRSEM 

BSE and EDS analysis (spot and maps) indicated the existence of precipitates from the Nb-Fe binary 

system, Nd-rich phases, and phases from the Nd-Fe-Cu ternary system within the GJR.  

 It was concluded that the Nb-Fe system phases were NbFe2 precipitates which varied in size, the 

larger ones pertaining to GJRs and the smaller ones occurring within the magnetic grain in addition to 

GJRs. The precipitates were well distributed in the microstructure and most likely prevent grain growth 

during sintering [69]. It was found that some GJRs in the N38 and N38SH samples also consisted of the 

Nd1.1Fe4B4 phase. Phases identified in the GJR from the Nd-Fe-Cu system were t�K�H���1�G�&�X���D�Q�G���2��phases. 

NdCu was found in GJR corners and in between plates �R�I���W�K�H���2���S�K�D�V�H. T�K�H���2���S�K�D�V�H���H�[�K�L�E�L�W�H�G���D�Q��

anisotropic shape, occurring in rectangular plates, and �%�6�(���L�P�D�J�H�V���V�X�J�J�H�V�W�H�G���W�K�D�W���2��nucleates on magnetic 

phase grains due to consistent contact of one end of the plate with the magnetic grain surface.The Nd-rich 

phases present in the GJR were a high-Z matrix phase which encompassed a lower Z-precipitate phase. 

Given the identification of Nd�&�X���D�Q�G���2�����Whe high-Z Nd-rich phase was hypothesized �W�R���E�H���.-Nd, as is 

�F�R�Q�V�L�V�W�H�Q�W���Z�L�W�K���W�K�H���.-Nd-�2-NdCu tie triangle in the Nd-Fe-Cu phase diagram. EBSD analysis of GJRs 

confirmed that the high-Z Nd-rich phase wasthe hexagonal �.-Nd phase and that the low-Z Nd-rich 

precipitates were fcc NdOx. 
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 The magnetic grains and the Nd-rich phases were hypothesized to be the most influenced by the 

magnetic field and the orientations of these phases were analyzed. EBSD texture analysis revealed that 

the Nd-rich phases haves no preferential orientation with respect to the magnetic phase grains or the easy 

axis of magnetization in any of the treatment processes. Similarly, it was found that the magnetic field 

and processing treatments had no effect on the texture of the magnetic phase. EBSD pole figures did 

however show that an orientation relationship exists between the two Nd-rich phases. This orientation 

relationship was characterized to be (0001)�.-Nd||(111)NdOxand [112
$0]�.-Nd||[1
$10]NdOx. The �.-Nd-

NdOx orientation relationship is suggested to result from a eutectic reaction at 1247K between Nd and O, 

occurring during the cooling of the magnet from sintering. The eutectic reaction is designated on the Nd-

O binary phase diagram and is consistent with BSE images of GJRs. Additionally it was found that the 

orientation relationship occurs in all samples and is unaffected by PSA.  

 Following GJR phase identification and the identification of the Nd-rich phase orientation 

relationship, the solidification route of the liquid in the GJR was proposed. The liquid composition was 

estimated for a typical sintered Nd-Fe-B magnet, and it was found to coincide with the Nd-rich corner of 

the Nd-Fe-Cu liquidus phase diagram. It has been suggested t�K�D�W���W�K�H���O�L�T�X�L�G���Z�L�O�O���I�R�U�P���2���D�Q�G���.-Nd before 

reaching the final solidification point where�.-Nd, �2, and NdCu are expected to form upon cooling through 

the ternary eutectic temperature regime. It is also suggested that cooling rates largely affect the 

solidification of these phases, where slower cooling rates may lead to more �2 before final solidificationbut 

faster cooling rates will cause �2 to form mostly or only at the end point. The formation of �2 before final 

solidification through the eutectic temperature regime has been suggested to result in a more Cu-rich 

composition in the last liquid to solidify, aiding in grain boundary wetting. It is theorized that the 

improved wetting from Cu-rich compositions reduces the fine scale surface roughness of the magnetic 

phase grains and aids in coercivity enhancements by preventing nucleation sites for reverse magnetic 

domains. On the other hand it is suggested that cooling rates which are too slow may also result in the 

coarseness and heterogeneity of grain boundary phases which would be detrimental to coercivity.  

 The intergranular phases in the N38 and N38SH magnets were characterized by HRSEM BSE. 

The N38 magnet which resulted in enhanced coercivity from the thermal treatments was revealed to have 

more regions of smooth, continuous grain boundary phases than in the as-received sample. The N38SH 

magnet which did not exhibit changes in coercivity due to the processing treatments had similar grain 

boundary phase characteristics. It is proposed that the PSA for this study may have benefitted Cu-

enrichment in the liquid in the N38 magnet and was thus responsible for more continuous grain boundary 

phases and improved coercivity. Alternatively, it is suspected that Al additions altered final solidification 

temperatures in the N38SH magnet, and therefore the solidification of �2 and NdCu, resulting in little 

change to wetting characteristics of the liquid. It is proposed that wetting characteristics during PSA are 
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highly sensitive tocomposition in addition to cooling rates.Ultimately, it is suggested that the coercivity of 

NdFeB sintered magnets may be further enhanced by better tailoring PSA temperatures and cooling rates 

for specific magnet compositions, and therefore liquid compositions at PSA, in order to optimize grain 

boundary wetting for that magnet. 
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CHAPTER 7: FUTURE WORK 

 To confirm the solidification route of the liquid in the GJRs during PSA proposed in this work, 

further investigation isrequired. Systematic studies are needed which involve varying cooling ratesnear 

the PSA temperature, and characterizing the resulting phase volume fractions in the GJRs. 3-dimensional 

analysis of GJRs using cross-sections and BSE imaging is warranted to more accurately estimate such 

phase volume �I�U�D�F�W�L�R�Q�V�����S�D�U�W�L�F�X�O�D�U�O�\���I�R�U���S�K�D�V�H�V���Z�L�W�K���D�Q�L�V�R�W�U�R�S�L�F���V�K�D�S�H���U�D�W�L�R�V���V�X�F�K���D�V���2��Additionally, 

cooling rate studies should be complimented by HRSEM BSE and TEM analysis of the intergranular 

regions to relate the wetting behavior of the liquid and solidification behavior of the grain boundary 

phases with the varied cooling rates.  

  



 115 

REFERENCES 

1 J. F. �+�H�U�E�V�W�����³�52Fe14B materials: Intrinsic Properties and Technological Aspect�V���´��Reviews of 
Modern Physics, vol. 36, no. 4, pp. 819-897, 1991. 

2 S. �6�X�J�L�P�R�W�R�����³�&�X�U�U�H�Q�W���6�W�D�W�X�V���D�Q�G���5�H�F�H�Q�W���7�R�S�L�F�V���R�I���5�D�U�H-�H�D�U�W�K���3�H�U�P�D�Q�H�Q�W���0�D�J�Q�H�W�V���´��Journal of 
Physics D: Applied Physics, vol. 44, no. 6, pp. 064001, 2011. 

3 B. E. Davies, R. S. Mottram, and I. R. �+�D�U�U�L�V�����³�5�H�F�H�Q�W���'�H�Y�H�O�R�S�P�H�Q�W�V���L�Q���W�K�H���6�L�Q�W�H�U�L�Q�J���R�I���1�G�)�H�%���´��
Materials Chemistry and Physics, vol. 67, no. 1-3, pp. 272-281, 2001. 

4 M. Sagawa, S. Hirosawa, H. Yamamoto, S. Fujimura, and Y. Matsuura, �³�1�G-Fe-B Permanent 
�0�D�J�Q�H�W���0�D�W�H�U�L�D�O�V���´Japanese Journal of Applied Physics, vol. 26, no. 6, pp. 785-800, 1987. 

5 D. Brown, B. M. Ma, and Z. �&�K�H�Q�����³�'�H�Y�H�O�R�S�P�H�Q�W�V���L�Q���W�K�H���3�U�R�F�H�V�V�L�Q�J���D�Q�G���3�U�R�S�H�U�W�L�H�V���R�I��
NdFeB-�W�\�S�H���3�H�U�P�D�Q�H�Q�W���0�D�J�Q�H�W�V���´��Journal of Magnetism and Magnetic Materials, vol. 248, 
no. 3, pp. 432-440, 2002. 

6 L. H. Bennett, R. E. Watson, and W. B. �3�H�D�U�V�R�Q�����³�7�R�S�R�O�R�J�\���R�I���/�R�F�D�O���$�W�R�P�L�F���(�Q�Y�L�U�R�Q�P�H�Q�W�V����
�,�P�S�O�L�F�D�W�L�R�Q�V���I�R�U���0�D�J�Q�H�W�L�V�P���D�Q�G���6�X�S�H�U�F�R�Q�G�X�F�W�L�Y�L�W�\���´��Journal of Magnetism and Magnetic 
Materials, vol. 54-57, no. 3, pp. 1537-1538, 1986. 

7 Coey, J. (2010). Magnetism and magnetic materials. Cambridge, U.K. ; New York: Cambridge 
University Press. 

8 Cullity, B., & Graham, C. (2009). Introduction to Magnetic Materials (2nd ed.). Hoboken: Wiley. 

9 F. Vial, F. Joly, E. Nevalainen, M. Sagawa, K. Hiraga, and K. T. �3�D�U�N�����³�,�P�S�U�R�Y�H�P�H�Q�W���R�I��
�&�R�H�U�F�L�Y�L�W�\���R�I���6�L�Q�W�H�U�H�G���1�G�)�H�%���3�H�U�P�D�Q�H�Q�W���0�D�J�Q�H�W�V���E�\���+�H�D�W���7�U�H�D�W�P�H�Q�W���´��Journal of Magnetism 
and Magnetic Materials, vol. 242-245, pp. 1329-1334, 2002. 

10 K. Hono and H. Sepehri-�$�P�L�Q�����³�6�W�U�D�W�H�J�\���I�R�U���+�L�J�K-Coercivity Nd-Fe-�%���0�D�J�Q�H�W�V���´��Scripta 
Materialia, vol. 67, no. 6, pp. 530-535, 2012. 

11 T. Fukagawa and S. �+�L�U�R�V�D�Z�D�����³�&�R�H�U�F�L�Y�L�W�\���*�H�Q�H�U�D�W�L�R�Q���R�I���6�X�U�I�D�F�H��Nd2Fe14B Grains and 
Mechanism of FCC-phase Formation at the Nd/Nd2Fe14B Interface in Nd-sputtered Nd-Fe-B 
�6�L�Q�W�H�U�H�G���0�D�J�Q�H�W�V���´��Journal of Applied Physics, vol. 104, no. 1, pp. 013911 1-6, 2008. 

12 S. Sasaki, J. Fidler, M. Sagawa, Proceedings of the 16th International Workshop on Rare-Earth 
Magnets and Their Applications, Sendai, Japan, 2000, p. 109 

13 M. Sagawa, S. Fujimura, N. Togawa, H. Yamamoto, and Y. Matsuura, �³�1�H�Z���0�D�W�H�U�L�D�O���I�R�U��
�3�H�U�P�D�Q�H�Q�W���0�D�J�Q�H�W�V���R�Q���D���%�D�V�H���R�I���1�G���D�Q�G���)�H���´Journal of Applied Physics,vol. 55, no. 2083, 1984. 

14 W. Mo, L. Zhang, Q. Liu, A. Shan, J. Wu, and M. �.�R�P�X�U�R�����³�'�H�S�H�Q�G�H�Q�F�H���R�I���Whe Crystal Structure 
of the Nd-rich Phase on Oxygen Content in an Nd-Fe-�%���6�L�Q�W�H�U�H�G���0�D�J�Q�H�W���´��Scripta Materialia, 
vol. 59, no. 2, pp. 179-182, 2008. 

15 M. Sagawa, S. Hirosawa, H. Yamamoto, Y. Matsuura, S. Fujimura, H. Tokuhara, and K. Hiraga, 
�³�0�D�J�Q�H�W�L�F���3�U�R�S�H�U�W�Les of the BCC Phase at Grain Boundaries in the Nd-Fe-�%���3�H�U�P�D�Q�H�Q�W���0�D�J�Q�H�W���´ 
IEEE Transactions on Magnetics, vol. 22, no. 5, pp. 910-912, 1986. 

16 S. Hirosawa Y. Kaneko, Proceedings of the 15th Interna- tional Workshop on Rare-Earth 
Magnets and Their Applications, Dresden, Germany, 1998, p. 43. 

17 T.-H. Kim, S.-R. Lee, S. Namkumg, and T.-�6�����-�D�Q�J�����³�$���V�W�X�G�\���R�Q���W�K�H���1�G-rich phase evolution in 
the Nd�±Fe�±B sintered magnet and its mechanism during post-�V�L�Q�W�H�U�L�Q�J���D�Q�Q�H�D�O�L�Q�J���´��J. Alloys 



 116 

Compd., vol. 537, no. July 2015, pp. 261�±268, Oct. 2012. 

18 �0�����0�D�W�V�X�X�U�D�����6�����6�X�J�L�P�R�W�R�����5�����*�R�W�R�����D�Q�G���1�����7�H�]�X�N�D�����³�,�Q�W�H�U�I�D�F�L�D�O���V�W�D�W�H���D�Q�G���P�D�J�Q�H�W�L�F���S�U�R�S�H�U�W�L�H�V���R�I��
Nd-Fe-�%���1�G���W�K�L�Q���I�L�O�P�V���´��J. Appl. Phys., vol. 105, no. 7, pp. 1�±4, 2009. 

19 �6�����1�L�V�K�L�R�����6�����6�X�J�L�P�R�W�R�����5�����*�R�W�R�����0�����0�D�W�V�X�X�U�D�����D�Q�G���1�����7�H�]�X�N�D�����³�(�I�I�H�F�W���Rf Cu Addition on the 
Phase Equilibria in Nd-Fe-�%���6�L�Q�W�H�U�H�G���0�D�J�Q�H�W�V���´��Mater. Trans., vol. 50, no. 4, pp. 723�±726, 2009. 

20 �+�����.�D�W�R�����7�����$�N�L�\�D�����0�����6�D�J�D�Z�D�����.�����.�R�\�D�P�D�����D�Q�G���7�����0�L�\�D�]�D�N�L�����³�(�I�I�H�F�W���R�I���K�L�J�K���P�D�J�Q�H�W�L�F���I�L�H�O�G���R�Q��
the coercivity in sintered Nd-Fe-�%���P�D�J�Q�H�W�V���´��J. Magn. Magn. Mater., vol. 310, no. 2, pp. 2596�±
2598, Mar. 2007. 

21 Croat, J.J. "Current Status of Rapidly Solidified Nd-Fe-B Permanent Magnets." IEEE 
Transactions on Magnetics 25.5 (1989): 3550-554. 

22 Y. Shinba, T. J. Konno, K. Ishikawa, K. Hiraga, and M. Sag�D�Z�D�����³�7�U�D�Q�V�P�L�V�V�L�R�Q���H�O�H�F�W�U�R�Q��
microscopy study on Nd-rich phase and grain boundary structure of Nd�±Fe�±�%���V�L�Q�W�H�U�H�G���P�D�J�Q�H�W�V���´��
J. Appl. Phys., vol. 97, no. 5, p. 053504, 2005. 

23 �7�����$�N�L�\�D�����+�����.�D�W�R�����0�����6�D�J�D�Z�D�����.�����.�R�\�D�P�D�����D�Q�G���7�����0�L�\�D�]�D�N�L�����³�+�L�J�K-Magnetic-Field Annealing 
and Coercivity in Sintered Nd-Dy-Fe-B-�7�\�S�H���0�D�J�Q�H�W�V���´��J. Magn. Soc. Japan, vol. 30, no. 4, pp. 
447�±454, 2006. 

24 Fidler, J., and L. Yang, 1985, in Proceedings of the Fourth International Symposium on Magnetic 
Anisotropy and Coercivity in Rare Earth-Transition Metal Alloys, edited by K. J. Strnat 
(University of Dayton, Dayton, Ohio), p. 647. 

25 �7�����)�X�N�D�J�D�Z�D�����7�����2�K�N�X�E�R�����6�����+�L�U�R�V�D�Z�D�����D�Q�G���.�����+�R�Q�R�����³�1�D�Q�R-sized disorders in hard magnetic 
grains and their influence on magnetization reversal at artificial Nd/Nd2Fe14B in�W�H�U�I�D�F�H�V���´��J. 
Magn. Magn. Mater., vol. 322, no. 21, pp. 3346�±3350, Nov. 2010. 

26 �-�����%�H�U�Q�D�U�G�L���D�Q�G���-�����)�L�G�O�H�U�����³�3�U�H�S�D�U�D�W�L�R�Q���D�Q�G���7�U�D�Q�V�P�L�V�V�L�R�Q���(�O�H�F�W�U�R�Q���0�L�F�U�R�V�F�R�S�H���,�Q�Y�H�V�W�L�J�D�W�L�R�Q���R�I��
�6�L�Q�W�H�U�H�G���1�G���������)�H���������&�X�������1�E���������P�D�J�Q�H�W�V���´���Y�R�O�������������Q�R�������������S�S�������������±6243, 1994. 

27 Y. Murakami, T. Tanigaki, T. T. Sasaki, Y. Takeno, H. S. Park, T. Matsuda, T. Ohkubo, K. 
�+�R�Q�R�����D�Q�G���'�����6�K�L�Q�G�R�����³�0�D�J�Q�H�W�L�V�P���R�I���X�O�W�U�D�W�K�L�Q���L�Q�W�H�U�J�U�D�Q�X�O�D�U���E�R�X�Q�G�D�U�\���U�H�J�L�R�Q�V���L�Q���1�G�±Fe�±B 
�S�H�U�P�D�Q�H�Q�W���P�D�J�Q�H�W�V���´��Acta Mater., vol. 71, pp. 370�±379, Jun. 2014. 

28 S. C. Wang and Y. �/�L�����³�,�Q���V�L�W�X���7�(�0���V�W�X�G�\���R�I���1�G-�U�L�F�K���S�K�D�V�H���L�Q���1�G�)�H�%���P�D�J�Q�H�W���´��J. Magn. Magn. 
Mater., vol. 285, no. 1�±2, pp. 177�±182, Jan. 2005. 

29 H. Sepehri-�$�P�L�Q�����<�����8�Q�H�����7�����2�K�N�X�E�R�����.�����+�R�Q�R�����D�Q�G���0�����6�D�J�D�Z�D�����³�0�L�F�U�R�V�W�U�X�F�W�X�U�H���R�I���I�L�Q�H-grained 
Nd�±Fe�±B sintered magnets with high coerc�L�Y�L�W�\���´��Scr. Mater., vol. 65, no. 5, pp. 396�±399, Sep. 
2011. 

30 T.-H. Kim, S.-R. Lee, J. Woo Kim, Y. Do Kim, H.-J. Kim, M.-W. Lee, and T.-S. Jang, 
�³�2�S�W�L�P�L�]�D�W�L�R�Q���R�I���W�K�H���S�R�V�W-sintering annealing condition for the high Cu content Nd-Fe-B sintered 
�P�D�J�Q�H�W���´��J. Appl. Phys., vol. 115, no. 17, p. 17A770, May 2014. 

31 �7�����*�����:�R�R�G�F�R�F�N���D�Q�G���2�����*�X�W�I�O�H�L�V�F�K�����³�0�X�O�W�L-phase EBSD mapping and local texture analysis in 
�1�G�)�H�%���V�L�Q�W�H�U�H�G���P�D�J�Q�H�W�V���´��Acta Mater., vol. 59, no. 3, pp. 1026�±1036, Feb. 2011. 

32 W. F. Li, T. Ohkubo, T. Akiya, H. Kat�R�����D�Q�G���.�����+�R�Q�R�����³�7�K�H���U�R�O�H���R�I���&�X���D�G�G�L�W�L�R�Q���L�Q���W�K�H���F�R�H�U�F�L�Y�L�W�\��
enhancement of sintered Nd-Fe-�%���S�H�U�P�D�Q�H�Q�W���P�D�J�Q�H�W�V���´��J. Mater. Res., vol. 24, no. 02, pp. 413�±
420, Jan. 2009. 

33 H. Sepehri-�$�P�L�Q�����7�����2�K�N�X�E�R�����7�����6�K�L�P�D�����D�Q�G���.�����+�R�Q�R�����³�*�U�D�L�Q���E�R�X�Q�G�D�U�\���D�Q�G���L�Q�W�H�U�I�D�F�H���F�K�H�P�L�V�Wry 
of an Nd�±Fe�±B-�E�D�V�H�G���V�L�Q�W�H�U�H�G���P�D�J�Q�H�W���´��Acta Mater., vol. 60, no. 3, pp. 819�±830, Feb. 2012. 

34 �:�����)�����/�L�����7�����2�K�N�X�E�R�����D�Q�G���.�����+�R�Q�R�����³�(�I�I�H�F�W���R�I���S�R�V�W-sinter annealing on the coercivity and 



 117 

microstructure of Nd�±Fe�±�%���S�H�U�P�D�Q�H�Q�W���P�D�J�Q�H�W�V���´��Acta Mater., vol. 57, no. 5, pp. 1337�±1346, 
Mar. 2009. 

35 �$�����.�L�D�Q�Y�D�V�K���D�Q�G���,�����5�����+�D�U�U�L�V�����³�6�H�O�H�F�W�H�G���S�D�S�H�U�V���S�U�H�V�H�Q�W�H�G���D�W���W�K�H�������W�K���,�Q�W�H�U�Q�D�W�L�R�Q�D�O���&�R�Q�I�H�U�H�Q�F�H���R�Q��
Solid Compounds of Transition Elements The effect of heat treatment on the microstructure and 
magnetic properties of sintered magnets produced from Nd-Fe-B based alloys with and without 
�&�X���V�X�E�V�W�L�W�X�W�L�R�Q���´��J. Alloys Compd., vol. 178, no. 1, pp. 325�±341, 1992. 

36 �7�����7�����6�D�V�D�N�L�����7�����2�K�N�X�E�R�����<�����7�D�N�D�G�D�����7�����6�D�W�R�����$�����.�D�W�R�����<�����.�D�Q�H�N�R�����D�Q�G���.�����+�R�Q�R�����³�)�R�U�P�D�W�L�R�Q���R�I��
non-ferromagnetic grain boundary phase in a Ga-doped Nd-rich Nd-Fe-�%���V�L�Q�W�H�U�H�G���P�D�J�Q�H�W���´��Scr. 
Mater., vol. 113, pp. 218�±221, 2016. 

37 H. Sepehri-�$�P�L�Q�����7�����2�K�N�X�E�R�����D�Q�G���.�����+�R�Q�R�����³�7�K�H���P�H�F�K�D�Q�L�V�P���R�I���F�R�H�U�F�L�Y�L�W�\���H�Q�K�D�Q�F�H�P�H�Q�W���E�\���W�K�H��
grain boundary diffusion process of Nd�±Fe�±�%���V�L�Q�W�H�U�H�G���P�D�J�Q�H�W�V���´��Acta Mater., vol. 61, no. 6, pp. 
1982�±1990, Apr. 2013. 

38 �.�����6�D�W�R�����<�����0�X�U�D�N�D�P�L�����'�����6�K�L�Q�G�R�����6�����+�L�U�R�V�D�Z�D�����D�Q�G���$�����<�D�V�X�K�D�U�D�����³�7�U�D�Q�V�P�L�V�V�L�R�Q���(�O�H�F�W�U�R�Q��
Microscopy Study on the Grain Boundaries and Magnetic Domains in Nd�±Fe�±�%���%�D�V�H�G���0�D�J�Q�H�W�V���´��
Mater. Trans., vol. 51, no. 2, pp. 333�±340, 2010. 

39 H. Kronmüller, K.-�'�����'�X�U�V�W�����D�Q�G���*�����0�D�U�W�L�Q�H�N�����³�$�Q�J�X�O�D�U���G�H�S�H�Q�G�H�Q�F�H���R�I���W�K�H���F�R�H�U�F�L�Y�H���I�L�H�O�G���L�Q��
�V�L�Q�W�H�U�H�G���)�H�����1�G�����%�����P�D�J�Q�H�W�V���´��J. Magn. Magn. Mater., vol. 69, no. 2, pp. 149�±157, 1987. 

40 �'�����*�L�Y�R�U�G�����0�����(�����5�R�V�V�L�J�Q�R�O�����D�Q�G���'�����:�����7�D�\�O�R�U�����³�&�R�H�U�F�L�Y�L�W�\���P�H�F�K�D�Q�Lsms in hard magnetic 
�P�D�W�H�U�L�D�O�V���´��J. Phys. IV, vol. 2, pp. C3�±95, 1992. 

41 Hubert, A., & �6�F�K�l�I�H�U, R. (1998). Magnetic domains : The analysis of magnetic microstructures. 
Berlin ; New York: Springer. 

42 H. Sepehri-Amin, T. Ohkubo, M. Gruber, T. Schrefl, and K. Ho�Q�R�����³�0�L�F�U�R�P�D�J�Q�H�W�L�F���V�L�P�X�O�D�W�L�R�Q�V��
on the grain size dependence of coercivity in anisotropic Nd-Fe-�%���V�L�Q�W�H�U�H�G���P�D�J�Q�H�W�V���´��Scr. Mater., 
vol. 89, pp. 29�±32, 2014. 

43 �.�����0�D�N�L���D�Q�G���+�����.�U�R�Q�P�•�O�O�H�U�����³�,�Q�Y�H�V�W�L�J�D�W�L�R�Q���R�I���G�H�P�D�J�Q�H�W�L�]�D�W�L�R�Q���S�U�R�F�H�V�V�H�V���L�Q���)�H�����1�G���%-type 
sintered magn�H�W�V���´��Phys. status solidi, vol. 118, no. 1, pp. 253�±269, 1990. 

44 T. G. Woodcock, Y. Zhang, G. Hrkac, G. Ciuta, N. M. Dempsey, T. Schrefl, O. Gutfleisch, and 
�'�����*�L�Y�R�U�G�����³�8�Q�G�H�U�V�W�D�Q�G�L�Q�J���W�K�H���P�L�F�U�R�V�W�U�X�F�W�X�U�H���D�Q�G���F�R�H�U�F�L�Y�L�W�\���R�I���K�L�J�K���S�H�U�I�R�U�P�D�Q�F�H���1�G�)�H�%-based 
�P�D�J�Q�H�W�V���´ Scr. Mater., vol. 67, no. 6, pp. 536�±541, Sep. 2012. 

45 �)�����&�K�H�Q�����7�����=�K�D�Q�J�����-�����:�D�Q�J�����/�����=�K�D�Q�J�����D�Q�G���*�����=�K�R�X�����³�,�Q�Y�H�V�W�L�J�D�W�L�R�Q���R�I���G�R�P�D�L�Q���Z�D�O�O���S�L�Q�Q�L�Q�J���H�I�I�H�F�W��
induced by annealing stress in sintered Nd�±Fe�±�%���P�D�J�Q�H�W���´��J. Alloys Compd., vol. 640, pp. 371�±
375, Aug. 2015. 

46 �5�����5�D�P�H�V�K�����³�$���P�L�F�U�R�V�W�U�X�F�W�X�U�H���E�D�V�H�G���P�D�J�Q�H�W�L�]�D�W�L�R�Q���U�H�Y�H�U�V�D�O���P�R�G�H�O���L�Q���V�L�Q�W�H�U�H�G���)�H�æNd�æB magnets. 
�,���´��J. Appl. Phys., vol. 68, no. 11, 1990. 

47 �7�����$�N�L�\�D�����7�����7�����6�D�V�D�N�L�����7�����2�K�N�X�E�R�����<�����8�Q�H�����0�����6�D�J�D�Z�D�����+�����.�D�W�R�����D�Q�G���.�����+�R�Q�R�����³�7�K�H���R�U�L�J�L�Q���R�I���W�K�H��
coercivity reduction of Nd�±Fe�±�%���V�L�Q�W�H�U�H�G���P�D�J�Q�H�W���D�Q�Q�H�D�O�H�G���E�H�O�R�Z���D�Q���R�S�W�L�P�D�O���W�H�P�S�H�U�D�W�X�U�H���´��J. 
Magn. Magn. Mater., vol. 342, pp. 4�±10, Sep. 2013. 

48 C. Muller, B. Reinsch, and G. Petzow, Phase Relations in the System Nd-Fe-Cu, Z. Metallkde., 
Vol 83 (No. 12), 1992, p 845-852 

49 G. Hrkac, T. G. Woodcock, C. Freeman, A. Goncharov, J. Dean, T. Schrefl, and O. Gutfleisch, 
�³�7�K�H���U�R�O�H���R�I���O�R�F�D�O���D�Q�L�V�R�W�U�R�S�\���S�U�R�I�L�O�H�V���D�W���J�U�D�L�Q���E�R�X�Q�G�D�U�L�Hs on the coercivity of Nd2Fe14B �P�D�J�Q�H�W�V���´��
Appl. Phys. Lett., vol. 97, no. 23, 2010. 

50 L. Liu, H. Sepehri-�$�P�L�Q�����7�����2�K�N�X�E�R�����0�����<�D�Q�R�����$�����.�D�W�R�����7�����6�K�R�M�L�����D�Q�G���.�����+�R�Q�R�����³�&�R�H�U�F�L�Y�L�W�\��



 118 

Enhancement of Hot-deformed Nd-Fe-B Magnets by the Eutectic Grain Boundary Diffusion 
�3�U�R�F�H�V�V���´��J. Alloys Compd., vol. 666, pp. 432�±439, 2016. 

51 G. Hrkac, T. G. Woodcock, K. T. Butler, L. Saharan, M. T. Bryan, T. Schrefl, and O. Gutfleisch, 
�³�,�P�S�D�F�W���R�I���G�L�I�I�H�U�H�Q�W���1�G-rich crystal-phases on the coercivity of Nd�±Fe�±�%���J�U�D�L�Q���H�Q�V�H�P�E�O�H�V���´��Scr. 
Mater., vol. 70, pp. 35�±38, Jan. 2014. 

52 �:�����)�����/�L�����7�����2�K�N�X�E�R�����7�����$�N�L�\�D�����+�����.�D�W�R�����D�Q�G���.�����+�R�Q�R�����³�7�K�H���U�R�O�H���R�I���&�X���D�G�G�L�W�L�R�Q���L�Q���W�K�H���F�R�H�U�F�L�Y�L�W�\��
enhancement of sintered Nd-Fe-�%���S�H�U�P�D�Q�H�Q�W���P�D�J�Q�H�W�V���´��J. Mater. Res., vol. 24, no. 02, pp. 413�±
420, Jan. 2011. 

53 Massalski, T.B.: "Binary Alloy Phase Diagrams", Second Edition, Vol. 3, T.B. Massalski 
Materials Information Soc., Materials Park, Ohio (1990). 

54 S. Rivoirard, V. M. T. S. Barthem, T. Garcin, E. Beaugnon, P. E. V. De Miranda, and D. Givord, 
�³�7�H�[�W�X�U�L�Q�J���K�D�U�G���1�G-Fe-B powdered r�L�E�E�R�Q�V���L�Q���K�L�J�K���P�D�J�Q�H�W�L�F���I�L�H�O�G���´��J. Phys. Conf. Ser., vol. 156, 
p. 012009, Mar. 2009. 

55 B. Z. Cui, K. Han, H. Garmestani, J. H. Su, H. J. Schneider-�0�X�Q�W�D�X�����D�Q�G���-�����3�����/�L�X�����³�(�Q�K�D�Q�F�H�P�H�Q�W��
of exchange coupling and hard magnetic properties in nanocomposites by magn�H�W�L�F���D�Q�Q�H�D�O�L�Q�J���´��
Acta Mater., vol. 53, no. 15, pp. 4155�±4161, Sep. 2005. 

56 B. Z. Cui, K. Han, D. S. Li, H. Garmestani, J. P. Liu, N. M. Dempsey, and H. J. Schneider-
�0�X�Q�W�D�X�����³�0�D�J�Q�H�W�L�F-field-induced crystallographic texture enhancement in cold-deformed FePt 
na�Q�R�V�W�U�X�F�W�X�U�H�G���P�D�J�Q�H�W�V���´��J. Appl. Phys., vol. 100, no. 1, pp. 2�±6, 2006. 

57 �3�����&�R�X�U�W�R�L�V�����5�����3�����G�H���O�D���%�k�W�K�L�H�����D�Q�G���5�����7�R�X�U�Q�L�H�U�����³�(�[�S�O�R�U�D�W�L�R�Q���R�I���W�K�H���P�D�J�Q�H�W�L�F���I�L�H�O�G���H�I�I�H�F�W���R�Q���W�K�H��
�R�U�L�H�Q�W�D�W�L�R�Q���R�I���1�G���)�H�����%���F�U�\�V�W�D�O�O�L�W�H�V���D�W���K�L�J�K���W�H�P�S�H�U�D�W�X�U�H�V���´��J. Magn. Magn. Mater., vol. 153, no. 
1, pp. 224�±230, 1996. 

58 �+�����.�D�W�R�����7�����0�L�\�D�]�D�N�L�����0�����6�D�J�D�Z�D�����D�Q�G���.�����.�R�\�D�P�D�����³�&�R�H�U�F�L�Y�L�W�\���H�Q�K�D�Q�F�H�P�H�Q�W�V���E�\���K�L�J�K-magnetic-
field annealing in sintered Nd-Fe-�%���P�D�J�Q�H�W�V���´��Appl. Phys. Lett., vol. 84, no. 21, pp. 4230�±4232, 
2004. 

59 T. Akiya, H. Kato, M. Sagawa, �D�Q�G���.�����.�R�\�D�P�D�����³�(�Q�K�D�Q�F�H�P�H�Q�W���R�I���F�R�H�U�F�L�Y�L�W�\���L�Q���$�O���D�Q�G���&�X���D�G�G�H�G��
Nd-Fe-�%���V�L�Q�W�H�U�H�G���P�D�J�Q�H�W�V���E�\���K�L�J�K���I�H�O�G���D�Q�Q�H�D�O�L�Q�J���´��IOP Conf. Ser. Mater. Sci. Eng., vol. 1, p. 
012034, 2009. 

60 S. Rivoirard, V. M. T. S. Barthem, R. Bres, E. Beaugnon, P. E. V. de Miranda, and D. Givord, 
�³�7�H�[�W�X�U�L�Q�J���1�G�±Fe�±�%���P�D�J�Q�H�W�V���X�Q�G�H�U���K�L�J�K���P�D�J�Q�H�W�L�F���I�L�H�O�G���´��J. Appl. Phys., vol. 104, no. 4, p. 
043915, 2008. 

61 C. Wang, Y. S. Lai, C. C. Hsieh, W. C. Chang, H. W. Chang, �D�Q�G���D�����&�����6�X�Q�����³�0�D�J�Q�H�W�L�F���S�U�R�S�H�U�W�L�H�V��
and microstructure of bulk Nd�±Fe�±�%���P�D�J�Q�H�W�V���V�R�O�L�G�L�I�L�H�G���L�Q���P�D�J�Q�H�W�L�F���I�L�H�O�G���´��J. Appl. Phys., vol. 
109, no. 7, p. 07A715, 2011. 

62 �6�����/�L�H�V�H�U�W�����3�����G�H���5�D�Q�J�R�����-�����/�����6�R�X�E�H�\�U�R�X�[�����'�����)�U�X�F�K�D�U�W�����D�Q�G���5�����3�H�U�U�L�H�U���G�H���O�D���%�k�W�K�L�H�����³�$�Q�L�V�R�W�U�R�Sic 
and coercive HDDR Nd-Fe-�%���S�R�Z�G�H�U�V���S�U�H�S�D�U�H�G���X�Q�G�H�U���P�D�J�Q�H�W�L�F���I�L�H�O�G���´��J. Magn. Magn. Mater., 
vol. 157�±158, pp. 57�±58, 1996. 

63 �7�����*�����:�R�R�G�F�R�F�N�����-�����:�U�L�J�K�W�����1�����6�F�K�H�H�U�E�D�X�P�����-�����/�L�X�����D�Q�G���2�����*�X�W�I�O�H�L�V�F�K�����³�7�K�H���W�H�[�W�X�U�H���R�I���1�G���R�[�L�G�H��
grains in Nd-Fe-�%���V�L�Q�W�H�U�H�G���P�D�J�Q�H�W�V���V�W�X�G�L�H�G���E�\���V�\�Q�F�K�U�R�W�U�R�Q���U�D�G�L�D�W�L�R�Q���´��J. Appl. Phys., vol. 110, 
no. 2, p. 026103, 2011. 

64 C. G. Hauegen, F. R. Freitas, F. A. Sampai�R�����-�����)�D�E�U�L�F�L�R�����&�����/�L�Q�V�����D�Q�G���0�����)�����'�H���&�D�P�S�R�V�����³�(�%�6�'��
�7�H�[�W�X�U�H���$�Q�D�O�\�V�L�V���R�I���1�G�)�H�%���0�D�J�Q�H�W�V���´���Y�R�O���������������S�S�����������±139, 2012. 

65 S. Sawatzki, T. G. Woodcock, K. Güth, K.-�+�����0�•�O�O�H�U�����D�Q�G���2�����*�X�W�I�O�H�L�V�F�K�����³�&�D�O�F�X�O�D�W�L�R�Q���R�I��
remanence and degree of texture from EBSD orientation histograms and XRD rocking curves in 



 119 

Nd�±Fe�±�%���V�L�Q�W�H�U�H�G���P�D�J�Q�H�W�V���´��J. Magn. Magn. Mater., vol. 382, pp. 219�±224, May 2015. 

66 C.J. Li, H. Yang, Z. Ren, W. Ren, and Y. Wu, J. Alloy. Compd. 505, 108 (2010), Y. K. Zhang, J. 
Gao, H. Yasuda, D. M. Herlach, and J. C�����+�H�����³�'�R�H�V���U�H�G�X�F�H�G���I�O�X�L�G���I�O�R�Z���D�O�W�H�U���.-Fe content of Nd�±
Fe�±�%���L�Q�J�R�W�V�"���´��J. Alloys Compd., vol. 493, no. 1�±2, pp. L8�±L11, Mar. 2010. 

67 �:�����9���<�R�X�G�H�O�L�V���D�Q�G���-�����5�����&�D�K�R�R�Q�����³�'�L�I�I�X�V�L�R�Q���L�Q���D���P�D�J�Q�H�W�L�F���I�L�H�O�G���´��Can. J. Phys., vol. 48, no. 6, 
pp. 805�±808, 1970. 

68 Porter, D., & Easterling, K. (2004). Phase transformations in metals and alloys (2nd ed.). Boca 
Raton, FL: CRC Press/Taylor & Francis. 

69 �0�����/�H�R�Q�R�Z�L�F�]�����$�����0�D�Q�D�I�����D�Q�G���+�����$�����'�D�Y�L�H�V�����³�3�L�Q�Q�L�Q�J���F�R�Q�W�U�R�O�O�H�G���F�R�H�U�F�L�Y�L�W�\���L�Q���U�D�S�L�G�O�\���V�R�O�L�G�L�I�L�H�G����
low boron Fe-Nd-B-�1�E���D�O�O�R�\�V���´���Y�R�O����14, pp. 277�±280, 1992. 

70 �3�����=�K�D�Q�J�����7�����0�D�����/�����/�L�D�Q�J�����D�Q�G���0�����<�D�Q�����³�,�P�S�U�R�Y�H�P�H�Q�W���R�I���F�R�U�U�R�V�L�R�Q���U�H�V�L�V�W�D�Q�F�H���R�I���&�X���D�Q�G���1�E���F�R-
added Nd-Fe-�%���V�L�Q�W�H�U�H�G���P�D�J�Q�H�W�V���´��Mater. Chem. Phys., vol. 147, no. 3, pp. 982�±986, 2014. 

71 �(�����3�D�X�O���D�Q�G���/�����-�����6�Z�D�U�W�]�H�Q�G�U�X�E�H�U�����³�7�K�H���)�H-Nb (Iron-N�L�R�E�L�X�P�����V�\�V�W�H�P���´��Bull. Alloy Phase 
Diagrams, vol. 7, no. 3, pp. 248�±254, 1986. 

72 Larrea A, de la Fuente GF, Merino RI, Orera VM. J Eur Ceram Soc 2002;22:191. 

73 �5�����*�R�W�R�����6�����1�L�V�K�L�R�����0�����0�D�W�V�X�X�U�D�����1�����7�H�]�X�N�D�����D�Q�G���6�����6�X�J�L�P�R�W�R�����³�:�H�W�W�D�E�L�O�L�W�\���D�Q�G���,�Q�W�H�U�I�D�F�L�D�O��
Microstructure Between Nd 2 Fe 14 B and Nd-Rich Phases in Nd �± Fe �± �%���$�O�O�R�\�V���´��Current, vol. 
44, no. 11, pp. 4232�±4234, 2008. 

74 L. Gremillard, T. Epicier, J. Chevalier, �D�Q�G���*�����)�D�Q�W�R�]�]�L�����³�(�I�I�H�F�W���R�I���F�R�R�O�L�Q�J���U�D�W�H���R�Q���W�K�H���O�R�F�D�W�L�R�Q��
and chemistry of glassy phases in silica-doped 3Y-�7�=�3���F�H�U�D�P�L�F�V���´��J. Eur. Ceram. Soc., vol. 25, 
no. 6, pp. 875�±882, 2005. 

75 �&�����%�����&�D�U�W�H�U�����0�����*�����1�R�U�W�R�Q�����%�����&�D�U�W�H�U�����D�Q�G���*�����1�R�U�W�R�Q�����³�6�L�Q�W�H�U�L�Q�J���D�Q�G���*�U�D�L�Q���*�U�R�Z�W�K���´���L�Q��Ceramic 
Materials: Science and Engineering, New York, NY: Springer New York, 2013, pp. 439�±456. 

76 K. Hono, T. Sasaki, H. Sepehri-�$�P�L�Q�����7�����2�K�N�X�E�R�����³�'�\-free High Coercivity Nd-Fe-B Permanent 
Magnets���´���L�Q��Advanced Magnetic Materials: An FMD Symposium in Honor of Michael E. 
McHenry: TMS 2016, Nashville, TN, 2016. 

77 �9�����5�D�J�K�D�Y�D�Q�����³�&�X-Fe-Nd (copper-iron-�Q�H�R�G�\�P�L�X�P�����´��J. Phase Equilibria, vol. 20, no. 4, pp. 
425�±427, 1999. 

78 Metal-Pages - Dysprosium prices. (n.d.). Retrieved March 03, 2016, from http://www.metal-
pages.com/metalprices/dysprosium/ 

79 Constantinides, Steve. "Material Matters." Arnold Magnetic Technologies Corporation, 13 July 
2013. Web. 3 Mar. 2016. 

80 M. Sagawa. Proceedings of the 13th International Work- shop on Rare-Earth Magnets and Their 
Applications, Birmingham, UK, 1996, 9, 14 

81 M.-A. Van Ende and I.-�+�����-�X�Q�J�����³�&�U�L�W�L�F�D�O���W�K�H�U�P�R�G�\�Q�D�P�L�F���H�Y�D�O�X�D�W�L�R�Q���D�Q�G���R�S�W�L�P�L�]�D�W�L�R�Q���R�I���W�K�H���)�H�±
B, Fe�±Nd, B�±Nd and Nd�±Fe�±�%���V�\�V�W�H�P�V���´��J. Alloys Compd., vol. 548, pp. 133�±154, Jan. 2013. 

82 �+�����4�����/�L�X�����%�����:�D�Q�J�����*�����%�����+�D�Q�����D�Q�G���5�����:�����*�D�R�����³�*�U�D�L�Q���D�O�L�J�Q�P�H�Q�W���D�Q�G���P�L�F�U�R�V�W�U�X�F�W�X�U�H���R�I��
���1�G���'�\�������������)�H���0�������������%���������E�\���V�W�U�L�S���F�D�V�W�L�Q�J���´��J. Magn. Magn. Mater., vol. 285, no. 1�±2, pp. 23�±
27, Jan. 2005. 

83 �/�����3�H�W�L�W�����$�����6�Y�D�Q�H�����=�����6�]�R�W�H�N�����D�Q�G���:�����0�����7�H�P�P�H�U�P�D�Q�����³First-principles study of rare-earth 
�R�[�L�G�H�V���´��Phys. Rev. B, vol. 72, no. 20, p. 205118, Nov. 2005. 

84 Rhines, Frederick N. Phase Diagrams in Metallurgy: Their Development and Application. New 



 120 

York: McGraw-Hill, 1956. Print. 



 121 

 

APPENDIX A N38 GJRCHARACTERIZATION 

 Additional figures to those presented in Section 5.2are shown below which represent HRSEM 

BSE images, EBSD phase maps, and EDS maps of the N38 sample for the as-received, thermally treated, 

and thermomagnetically treated conditions. 

 

(a)N38 AR GJR 

 

(b) 

(c) Nd (d) Fe 

(e) Cu (f) Al 

(g) O (h) Nb 

Figure A.1 N38 as-received GJR showing the (a) HRSEM BSE image of the GJR, the corresponding 
(b) EBSD phase map and (c)-(h) EDS maps of the same region. In (b) the red phase 
�F�R�U�U�H�V�S�R�Q�G�V���Z�L�W�K���.-Nd and the green with NdOx. The phase maps were superimposed 
with the grayscale of the IQ maps in order to discern between precipitates. The red square 
in (a) indicates the EBSD phase map area of (b). 
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 (a)N38 AR GJR 

 

(b) 

(c) Nd (d) Fe  

(e) Cu  (f) Al 

(g) O (h) Nb 

Figure A.2 N38 as-received GJR showing the (a) HRSEM BSE image of the GJR, the corresponding 
(b) EBSD phase map and (c)-(h) EDS maps of the same region. In (b) the red phase 
�F�R�U�U�H�V�S�R�Q�G�V���Z�L�W�K���.-Nd and the green with NdOx. The phase maps were superimposed 
with the grayscale of the IQ maps in order to discern between precipitates. The red square 
in (a) indicates the EBSD phase map area of (b). 
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(a)N38 HT GJR 

 

(b) 

(c) Nd (d) Fe  

(e) Cu  (f) Al 

(g) O (h) Nb 

Figure A.3 N38 thermally-treated GJR showing the (a) HRSEM BSE image of the GJR, the 
corresponding (b) EBSD phase map and (c)-(h) EDS maps of the same region. In (b) the 
�U�H�G���S�K�D�V�H���F�R�U�U�H�V�S�R�Q�G�V���Z�L�W�K���.-Nd and the green with NdOx. The phase maps were 
superimposed with the grayscale of the IQ maps in order to discern between precipitates. 
The red square in (a) indicates the EBSD phase map area of (b). 
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(a)N38 HT GJR 

 

(b) 

(c) Nd (d) Fe  

(e) Cu  (f) Al 

(g) O (h) Nb 

Figure A.4 N38 thermally-treated GJR showing the (a) HRSEM BSE image of the GJR, the 
corresponding (b) EBSD phase map and (c)-(h) EDS maps of the same region. In (b) the 
�U�H�G���S�K�D�V�H���F�R�U�U�H�V�S�R�Q�G�V���Z�L�W�K���.-Nd and the green with NdOx. The phase maps were 
superimposed with the grayscale of the IQ maps in order to discern between precipitates. 
The red square in (a) indicates the EBSD phase map area of (b). 
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(a)N38 HT GJR 

 

(b) 

 

(c) Nd 

 

(d) Fe  

 

(e) Cu  

 

(f) Al 

 

(g) O 

 

(h) Nb 

Figure A.5 N38 thermally-treated GJR showing the (a) HRSEM BSE image of the GJR, the 
corresponding (b) EBSD phase map and (c)-(h) EDS maps of the same region. In (b) the 
�U�H�G���S�K�D�V�H���F�R�U�U�H�V�S�R�Q�G�V���Z�L�W�K���.-Nd and the green with NdOx. The phase maps were 
superimposed with the grayscale of the IQ maps in order to discern between precipitates. 
The red square in (a) indicates the EBSD phase map area of (b). 
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 (a)N38 MT GJR

 

(b) 

 

(c) Nd 

 

(d) Fe  

 

(e) Cu  

 

(f) Al 

 

(g) O 

 

(h) Nb 

Figure A.6 N38 thermomagnetically-treated GJR showing the (a) HRSEM BSE image of the GJR, 
the corresponding (b) EBSD phase map and (c)-(h) EDS maps of the same region. In (b) 
�W�K�H���U�H�G���S�K�D�V�H���F�R�U�U�H�V�S�R�Q�G�V���Z�L�W�K���.-Nd and the green with NdOx. The phase maps were 
superimposed with the grayscale of the IQ maps in order to discern between precipitates. 
The red square in (a) indicates the EBSD phase map area of (b). 
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APPENDIX B N38SH GJR CHARACTERIZATION 

 Additional figures to those presented in Section 5.2are shown below which represent HRSEM 

BSE images, EBSD phase maps, and EDS maps of the N38SH sample for the as-received, thermally 

treated, and thermomagnetically treated conditions. 

 

(a) N38SH AR GJR 

 

(b) 

 

(c) Nd 

 

(d) Fe  

 

(e) Cu  

 

(f) Al  

 

(g) O 

 

(h) Dy 

Figure B.7 N38SH as-received GJR showing the (a) HRSEM BSE image of the GJR, the 
corresponding (b) EBSD phase map and (c)-(h) EDS maps of the same region. In (b) the 
�U�H�G���S�K�D�V�H���F�R�U�U�H�V�S�R�Q�G�V���Z�L�W�K���.-Nd and the green with NdOx. The phase maps were 
superimposed with the grayscale of the IQ maps in order to discern between precipitates. 
The red square in (a) indicates the EBSD phase map area of (b). 
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(a) N38SH AR GJR 

 

(b) 

 

(c) Nd 

 

(d) Fe  

 

(e) Cu  

 

(f) Al  

 

(g) O 

 

(h) Dy 

Figure B.8 N38SH as-received GJR showing the (a) HRSEM BSE image of the GJR, the 
corresponding (b) EBSD phase map and (c)-(h) EDS maps of the same region. In (b) the 
�U�H�G���S�K�D�V�H���F�R�U�U�H�V�S�R�Q�G�V���Z�L�W�K���.-Nd and the green with NdOx. The phase maps were 
superimposed with the grayscale of the IQ maps in order to discern between precipitates. 
The red square in (a) indicates the EBSD phase map area of (b). 
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(a) N38SH AR GJR 

 

(b) 

 

(c) Nd 

 

(d) Fe 

 

(e) Cu 

 

(f) Al  

 

(g) O 

 

(h) Dy 

Figure B.9 N38SH as-received GJR showing the (a) HRSEM BSE image of the GJR, the 
corresponding (b) EBSD phase map and (c)-(h) EDS maps of the same region. In (b) the 
red phase �F�R�U�U�H�V�S�R�Q�G�V���Z�L�W�K���.-Nd and the green with NdOx. The phase maps were 
superimposed with the grayscale of the IQ maps in order to discern between precipitates. 
The red square in (a) indicates the EBSD phase map area of (b). 
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(a) N38SH AR GJR 

 

(b) 

 

(c) Nd 

 

(d) Fe  

 

(e) Cu  

 

(f) Al 

 

(g) O 

 

(h) Dy 

Figure B.10 N38SH as-received GJR showing the (a) HRSEM BSE image of the GJR, the 
corresponding (b) EBSD phase map and (c)-(h) EDS maps of the same region. In (b) the 
�U�H�G���S�K�D�V�H���F�R�U�U�H�V�S�R�Q�G�V���Z�L�W�K���.-Nd and the green with NdOx. The phase maps were 
superimposed with the grayscale of the IQ maps in order to discern between precipitates. 
The red square in (a) indicates the EBSD phase map area of (b). 

 



 131 

 

(a) N38SH HT GJR 

 

(b) 

 

(c) Nb 

 

(d) Nd 

 

(e) Fe 

 

(f) Cu 

 

(g) Al  

 

(h) O 

 

(i) Dy 

Figure B.11 N38SH thermally-treated GJR showing the (a) HRSEM BSE image of the GJR, the 
corresponding (b) EBSD phase map and (c)-(i) EDS maps of the same region. In (b) the 
�U�H�G���S�K�D�V�H���F�R�U�U�H�V�S�R�Q�G�V���Z�L�W�K���.-Nd and the green with NdOx. The phase maps were 
superimposed with the grayscale of the IQ maps in order to discern between precipitates. 
The red square in (a) indicates the EBSD phase map area of (b). 
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(a) N38SH HT EBSD area C 

 

(b) 

 

(c) Nb 

 

(d) Nd 

 

(e) Fe 

 

(f) Cu 

 

(g) Al  

 

(h) O 

 

(i) Dy 

Figure B.12 N38SH thermally-treated GJR showing the (a) HRSEM BSE image of the GJR, the 
corresponding (b) EBSD phase map and (c)-(i) EDS maps of the same region. In (b) the 
�U�H�G���S�K�D�V�H���F�R�U�U�H�V�S�R�Q�G�V���Z�L�W�K���.-Nd and the green with NdOx. The phase maps were 
superimposed with the grayscale of the IQ maps in order to discern between precipitates. 
The red square in (a) indicates the EBSD phase map area of (b). 
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(a) N38SH MT GJR 

 

(b) 

 

(c) Nb 

 

(d) Nd 

 

(e) Fe 

 

(f) Cu 

 

(g) Al  

 

(h) O 

 

(i) Dy 

Figure B.13 N38SH thermomagnetically-treated GJR showing the (a) HRSEM BSE image of the 
GJR, the corresponding (b) EBSD phase map and (c)-(i) EDS maps of the same region. 
�,�Q�����E�����W�K�H���U�H�G���S�K�D�V�H���F�R�U�U�H�V�S�R�Q�G�V���Z�L�W�K���.-Nd and the green with NdOx. The phase maps 
were superimposed with the grayscale of the IQ maps in order to discern between 
precipitates. The red square in (a) indicates the EBSD phase map area of (b). 
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(a) N38SH MT GJR 

 

(b) 

 

(c) Nb 

 

(d) Nd 

 

(e) Fe 

 

(f) Cu 

 

(g) Al 

 

(h) O 

 

(i) Dy 

Figure B.14 N38SH thermomagnetically-treated GJR showing the (a) HRSEM BSE image of the 
GJR, the corresponding (b) EBSD phase map and (c)-(i) EDS maps of the same region. 
�,�Q�����E�����W�K�H���U�H�G���S�K�D�V�H���F�R�U�U�H�V�S�R�Q�G�V���Z�L�W�K���.-Nd and the green with NdOx. The phase maps 
were superimposed with the grayscale of the IQ maps in order to discern between 
precipitates. The red square in (a) indicates the EBSD phase map area of (b). 
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 (a) N38SH MT EBSD area C 

 

(b) 

 

(c) Nb 

 

(d) Nd 

 

(e) Fe 

 

(f) Cu 

 

(g) Al  

 

(h) O 

 

(i) Dy 

Figure B.15 N38SH thermomagnetically treated GJR showing the (a) HRSEM BSE image of the 
GJR, the corresponding (b) EBSD phase map and (c)-(i) EDS maps of the same region. 
�,�Q�����E�����W�K�H���U�H�G���S�K�D�V�H���F�R�U�U�H�V�S�R�Q�G�V���Z�L�W�K���.-Nd and the green with NdOx. The phase maps 
were superimposed with the grayscale of the IQ maps in order to discern between 
precipitates. The red square in (a) indicates the EBSD phase map area of (b). 
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N38SH MT GJR 

 

(b) 

 

(c) Nb 

 

(d) Nd 

 

(e) Fe 

 

(f) Cu 

 

(g) Al 

 

(h) O 

 

(i) Dy 

Figure B.16 N38SH thermomagnetically treated GJR showing the (a) HRSEM BSE image of the 
GJR, the corresponding (b) EBSD phase map and (c)-(i) EDS maps of the same region. 
�,�Q�����E�����W�K�H���U�H�G���S�K�D�V�H���F�R�U�U�H�V�S�R�Q�G�V���Z�L�W�K���.-Nd and the green with NdOx. The phase maps 
were superimposed with the grayscale of the IQ maps in order to discern between 
precipitates. The red square in (a) indicates the EBSD phase map area of (b). 
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APPENDIX C GRAIN JUNCTION REGION (GJR)COMPOSITION ESTIMATE 

 Represented below are the calculations used to estimate the GJR composition at PSA 

temperatures using the bulk composition of a typical Nd-Fe-B sintered magnet and which phases are 

assumed to form prior to PSA, which were identified in the microstructure of the magnets in this study.  

 

�‡ Typical nominal composition of Nd-Fe-B sintered magnet: Fe65-Nd22-Dy11-B1-Cu0.1wt.% 

�± Assumption: Typical Nb additions 0.8wt% 

�‡ Fe64.2-Nd22-Dy11-B1-Cu0.1-Nb0.8wt% 

�‡ Fe78.1-Nd10.4-Dy4.6-B6.2-Cu0.1-Nb0.6 at% 

�‡ Fe78.1-RE15.0-B6.2-Cu0.1-Nb0.6  at%, RE= Rare Earth 

�‡ Bulk Magnet Compositions 

�± Fe78.1-RE15.0-B6.2-Cu0.1-Nb0.6 at% 

�‡ ~92% magnetic phase: RE2Fe14B 

�± RE2Fe14B: 82.3% Fe, 11.5% RE, and 5.9% B 

�‡ Fe: 78.1 - 0.92(82.3) = 2.4 

�‡ RE: 15.0 - 0.92(11.5) = 4.4 

�‡ B: 6.2 - 0.92(5.9) = 0.8 

�‡ NbFe2 phase 

�± Assumption: Nb reacts with Fe to completion 

�‡ Fe: 2.4 �± 0.6(2) = 1.2 

�‡ Nb: 0.6-0.6 = 0 

�‡ Nd1.1Fe4B4 phase 

�± Assumption: B reacts to completion 

�± Nd1.1Fe4B4 : 44% B, 44% Fe, and 12% Nd 

�‡ Fe: 1.2-0.8 = 0.4 

�‡ RE: 4.4 �± (0.12*1.82) = 4.2 �Æ (0.8/0.44 = 1.82 %vol of Nd1.1Fe4B4 in magnet) 

�‡ B: 0.8-0.8 = 0.0 

�‡ Composition after RE2Fe14B, NbFe2, and Nd1.1Fe4B4 considerations 

�± Assumption: O is introduced during sintering process, forming some amount of NdOx 

�‡ Fe0.4-RE4.2-Cu0.1 + Oxygen 

�‡ Fe8.4-RE89.5-x-Cu2.1-Ox 

�‡ Fe:Cu ratio ~ 4:1  
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APPENDIX D CRYSTALLOGRAPHY OF MAGNETIC PHASE AND ND-RICH PHASES 

Table D.1 �± Crystallography of Magnetic Phase and Nd-rich Phases 

Phase Space Group Structure type a (Å) c (Å) 
Nd2Fe14B P42/mnm (136) Nd2Fe14B 8.804 12.205 

�.-Nd P63/mmc (194) La 3.553 11.515 
Nd2O3-hcp P-3m1 (164) La2O3 3.831 5.999 

Nd2O3-cubic Ia-3 (206) MnFeO3 11.36 --- 
NdO Fm-3m (225) NaCl 4.994 --- 
NdO2 Fm-3m (225) CaF2 5.542 --- 

 

 


