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ABSTRACT

Optimizing the microstructure of sintered [Rd-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 limitdg sfipre earth
elements, special attention has been dedicated to improving magnetic properties of thesetinnaggiet
processing rather than compositional modifications. The magnetic property needing the most
improvement irNd-Fe-B type sintered magnetsdsercivity. Coercivity dictates the performance of
magnets at temperatures still below the demagnetizing threshold temperature.It has bedmashown t
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-meafnatiats.

This work presents themicrostructural characterization of Dy-free and Dy-containing sinteyedtsn
that have undergone annealing in a magnetic field of 9T.Microstructural characterizgtiugues were
used to identify phasgeanalyze the texture of phases identified, and to study intergranula@asphas
Microstructural findings were then used to propose a solidification scheme during anaedltmnnect
such findings to magnetic property results, as well as to make suggestions for optingizing t
manufacturing process.

In addition to the magnetic phase, phases identified in the Dy-free and Dy-conhédrfieeB
sintered magnets consisted of Nb-rich precipitates, Nd-rich phases, and phases frorRet@Nernary
systemNd-Fe- & X SKDVHV IN@ NACuGRIGhe (NdsFesCu). The Nd-rich phases were
specifically identified to be NdOS U H F L S L W INaVvhkaix|.&@d DoQtained an orientation relationship
described by (0001)Nd||(111)NdQand L.12®] .-Nd|[ #L0]NdO, 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 witaltherm
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 éfet@iNd-
ternary system phases largely affect the grain boundary phases and the wetting by the liquidduring
thermaltreatments. It is suggested that formati®h WphakeXrior to finalsolidification enriches the
final liquid, found in grain boundary regions, in Cu. Cu-enrichment is known to assisinrbgundary
wetting which may reduce the surface roughness gF&#B 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 specitibattowards
producing energy-saving modifications that can be easily applied to existing techndllogédsy,
electric and hybrid vehicles and windmill generators are two favorable technologies which have
demonstrated fuel emission reduction capabilities[3], and offer even further promaskvdmcement.

These electric vehicles and windmill generators share a key component to functibigdlity:
strength rare earth permanent magnets; specifically the neodymium-iron-boron (NdFeB ebasex: pt
magnet[1,5]. Not only does the NdFeB type magnet produce the largest magnetic torque among
magnets[5%5], but without this central element in generator design, these alternative energie¢$aseul
setbacks if not obsolescence. Beyond their importance in electric generators and motors for wind powe
and electric transportation, NdFeB magnets have extensive applications in a number of othegieshnol
including but not limited to high efficiency appliances, actuators, computer hard drives, aretimag
resonance imaging (MRI) scanners [5,1,3]. Increases in green energy development and engirieering wil
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,.BH,2]. The BH,. dictates the NdFeB
SHUPDQHQW PDJQHWYTV XQSDUDOOHOHG FDSDF[E8065RPIQTMHBURGXFLQJ |
performance of the NdFeB permanent magnets far exceeds that of the prized saw@alt®m-Co)
magnet series, as well as the Alnico and ferrite magnets[1,2]. Among the NdFeB permanent magnet line,
the sintered NdFeB magnetsprovide the highesiBl8,3]. 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 propertiles is sti
challenge to the future of alternative energy technologies.

There are critical drawbacks to certain magnetic properties which limit the poteniial of
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 niticaisig
is the magnetic propertgpercivity The coercivity of the NdFeB type sintered magnet is the underlying

factor which controls its ability to operate at the higher temperatures st ieé Curie temperature



[5].Unfortunately, the actual coercivities of NdFeB magnets includingsintered NdkgBets are well
below that of the theoretical values]@,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 usertto/

the drawbacks of low coercivity is the addition of the rare earth element dysprosium (Dy){a0,5],
despite increasing coercivity, it also comes at the expense of thg [BBl]. Worsening the matter is the
price of Dy given that the Chinese-controlled market of Dy production makes Dy economicallyhlefeasi
to continue to be relied upon [1D,5

The problem is thus: Alternative energy solutions such as wind power and electric dr hybri
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 sintereB hdignets
must come via thorough studies to determine what mechanisms control coercivity and what
microstructural features promote it. Furthermore, manufacturing processes which carhoshize t
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 panahiete
specifically affect coercivity [11,22]. Most of these studies revolve around theseffeztpost-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 newapodstaf these
coercivity improvements from magnetic field processing, little is known aboutitmestnuctural
changes that result fromigtprocessing.

The purpose of this wotik 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 identifyaimpor
understandings of coercivity mechanisms and microstructure optimization. If coeiroprovements are
substantial, magnetic annealing is a technique that would be cost efficient to implementatty al
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.



CHAPTER 2: LITERATURE REVIEW

Sintered NdFeB magnets possess strong magnetic torque capabilities and contain higttéy intric
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 propérsieseoed
NdFeB magnets. These basics include: magnetic properties, their manufacturing procéss, and t
microstructures commonly observed. The second section will address how these magnetiegpaoper
connected to the processing and microstructure of the sintered magnets, summarizing theories
surrounding the mechanistic influences which are thought to cause coercivity improvemetast The
section will concentrate on a review of recent processing techniques involving magribtafiehling,
the resulting coercivity improvements, and the suggested hypotheses of the magnetietitdaeff

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 intimatellgevibicrostructure of
the magnet, and thus the manufacturing processes used to tailor their structures. Improndheents i
magnetic properties can only be accomplished effectively if the structure-propertggimgee
composition relationships are understdduls, in this section (a) the magnetic properties of a typical
NdFeB sintered magnet, especially the coercivity given that its improvement is the neattorjiresent
day studies, (b) the manufacturing process of sintered NdFeB magnets, and (c) a detaiéeg stithe

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
the main phaséJd.Fe ;B [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 reviexooigin of the
magnetic properties and the intrinsic behavior ofNdg-e,B phase is given, followed by a review of the
typical processing used to make sintered NdFeB magnets, and, finally, a review of the unicrastr
features that are common in these magnets.
As stated previously, théd,Fe,B SKDVH LV WKH IRXQGDWLRQ RI WKH 1G)H%

excellent magnetic properties. TNe,Fe,B phase accounts for ~90% of the volume of NdFeB sintered



magnet structures [5] andis important due to its hard magnetic properties, netéiyetmagneto-
anisotropy[1]Nd,Fe,,Bis tetragonal (a= 8.8 A and c=12.2 A)with afdnm space group and contains 68
atoms per unit cell[3,1]. This unit cell is depicted in Figure 2.1 and exhibits a comipietxis

consisting of triangular and hexagonal layeis [1

®Fe OFe QFe (DFe ®™Fe oFe (DNd CNd ®B

Figure 2.1 Tetragonal unit cell oNd,Fe,B. The c/a ratio is exaggerated to emphasize theinteri
sublattice structure.

The layers thtform the unit cell are, in simplistic terms, an Fe atom sublattice that encompasses the Nd
atoms []. The hexagonal and triangular layers are shown in Figure 2.2 and clearly demonstrate a net of

iron atoms surrounding the rare earth atons [1

@®@Fe OFo ©Fe (Fc ®Fe @Fe (DNd ONd ®B

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

The sublattice anisotropy of the ferromagnetically coupled Fe atoms [1] createsdangatsh
[6] that aidin the magnetization of the phase [1]. Although the Fe sublattice is an important feature of the
Nd,Fe B structure, it is the rare-earth atom contribution that is responsible for thesupagnetic

properties [1]. The Nd atom site positions within the unitaadithe resulting characteristics provide the



phase with very large magnetocrystalline anisotropy [1]. Magnetocrystalline anisotralyiresic
property, describes the significance of the easy axis ofmagnetizati@an@ D SKDVH{V SRWHQWLD
magnet. In other words, there is a crystallographic direction where the phase is signiiasietlyto
magnetize. In th&ld,Fe,B 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§ the easy axis of magnetization [1,2,3], with the axis
location mirroring theNd,Fe sB 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 aiitls teghe effect
of [001] alignment on coercivity.
The relatively high magnetocrystalline anisotropy ofNloeFe sB phase is the reason that the
sintered NdFeB magnets exhibit some of the highest maximum energy produgts,oBEIl commercial
magnets [5]. Along withBkhxy VSHFLILF PDJQHWLF SURSHUWLHV XVHG WR GHYV
include the Curie temperature, the remanence, and, most importantly, the coercivity. Aside f@urie
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 magnegisisicder

shown in (a) and isolated in Figure 2.3(b).
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Figure 2.3 Magnetic hysteresis loop (a) with corresponding magnetic properties indicated, ar
demagnetization curve (b) with the physical depiction of the maximum energy pro
BHmad 7]

The magnetic hysteresis loop is obtained by applying a magnetic field (H) to the magnet until
saturation occurs.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 2.8H),., remanence, and coercivity can be determined from

the demagnetization curve. Bklis used to determine the utility of a sintered magnet as it represents the



amount of magnetic flux and resulting power capacity of the magnet. It is thBHjghvalues of
sintered NdFeB magnets that make themsuperior magnets for high torque requirements in commercial
processes (Figure 2.4)][2
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Figure 2.4 Development in permanent magnets in terms of maximum energy produygk,[BH

The BH,axis 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 sgibmabeled
BHmax [8]. The BH,ax may be calculated using equaiipi [64],where it is evident that the B and the
remanence, Bare interconnected properties.
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Figure 2.5 Demagnetization curve and resulting relationship betweamd@BH, . [8].



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 pérttmanent
magnetic phasein comparison to the ferromagnetic or paramagnetic phases existing in theighiceostr
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 simtbiaigis
addressed in Section 2.1.2. While the remanence of the NdFeB magnet is an important magnetic property,
BHhax LV XQLYHUVDOO\ FKRVHQ DV D PDJQHWYTV GHILQLQJ SURSHUW\
BesideBH,.x, 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 makets cont
with the x-axis. Whereas Bk 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 aipgeggiarg
temperatures [2]& RHUFLYLW\ VLJQLILHV D RmDaphQetiAtdforcBsiip @ the/ CueR UHV LV W
temperature, the temperature at which all magnetic properties argllost [8
Current work on NdEB sintered magnetsis largely in the area of increasing the coercivity given
that high BH,;magnets with low coercivity are undesirable due to the loss gf Btith increasing
temperatures [2as this loss severely limits potential usages. Dysprodlyndnd TerbiumTb)can be
substituted for Nd produce magnets with higher magnetic anisotropies and coercivities bingntneas
magneto-anisotropy of théd,FesBphase [1,5]. The effects of Dy additions can be seen in
Figure 2.6where the coercivity and resulting operating temperatures appreciably improve withalen sm
additions of Dy[79.

H.; and Br as a Function of Dysprosium Content

0

Dysprosium, weight %

Figure 2.6 Intrinsic coercivity, H, and remanence,Basafunction of dysprosium content. Note
increase in operating temperature with increasing Dy [79].



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) [77Further, although Dy enhances coercivity, it results in a loss in

remanence(red in Figure 2.6) and thereBbig,, [2](equation(2.1).
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Figure 2.7 Dy market prices from 2001 to 2012 showing the exponential increase incostsince
2009[77].

In orderto reduce the cost of sintered NdFeB magnets and alleviated¢hance on Dy and Tb,
microstructural refinements are necessary [22]9,0 fully understand the intertwining effects of
microstructure and coercivity, the following sections, 2.1.2 and 2.1.3, will firstly addresetiesging

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 manufacturingegrocess
namely, powder metallurgy that involves liquid-phase sintering [5,9]. This fabricatitsisocapable of
producing fully-dense magnets [2,5] with the essential crystalline anisotropy requiseghévior
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 lastlyidhgnaicthe
final shapes desired and coating to protect from oxidation. A simplified representatiaprbcess is
shown in Figure 2.8along with a pseudo-binary phase diagram of the NdFeB ternary system for
temperature clarifications J2Additionally, 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 ternaryFR@- 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 inga tam
which the powders are produced. Generally, an ingot composition close to thalNdfflegB phase
stoichiometry is desired for optimal Bk values [2,5]; however, compositions close to the
stoichiometric composition will alsdR U P S Uirénluring solidification, a soft magnetic phase
which is detrimental to both remanence and,BJ3,2]. Thus,compositions slightly enriched in rare
earths[13,1,5,2,10] are used in combination with strip-casting,which allows for faster cat@s{§]; 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. Typicalindbts
exhibitsa 4-6 m columnar structure of tHéd,Fe 4B phase, and at least oNd-rich phase as predicted
from the phase diagram, with other phases possible depending on initial ingot composition. Fetkagawa
al. [11] reported the Nd-rich phase as being exclusively metalNd [9,2].Due to the reactivity of the
magnetic phase, the elimination of oxygen during the itgpbwder 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 oraditall

milling, and uses controlled inert gas environments to reduce oxidation of the particles][9,2,5,1



The resulting powders with diameters from 2¥b[13,5,14] are then compressed into green
compacts prior to sintering. The compacts are created using a combination of magnetic-28I#QEO)
[9,13,5 and pressure (150-250 MPa) [9,13,a@plication 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
Nd,Fe;sB 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 ruatier isost
pressing or cold isostatic pressing [80], while alignment occurs via a magnetic field which ishgeneral
pulsed, in either the parallel or perpendicular directions with regards to the pressiagak8. In terms
of the magnetic field direction, processing perpendicularly to the pressing axis results ialigatteent
and magnetic properties but creates machining difficulties, whereas magnets processed inghe parall
direction are easier to machine yet lack the superior alignment and therefore magnetiiepi6pk].

Once the green compact has been produced, it is sintered in either argon [13,9] or vhcuum [9
around 1370K [9,13,5,14or 1-4 hours [9,5,134]. The initial composition enables liquid phase sintering
[5] such that the Nd-rich phases melt artlia densification of the magnet [2] while limiting grain
growth [4]. The magnet is then quenched from the sintering temperature, while maintamaug 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 pragssincl
post sintering annealing (PSA) treatment [5,1,2,20,9] described further below, a final dyaathahd
lastly machining followed by the application of a protective coating to prevent iaxid&t2].

It is well established that a PSA treatment improves the coercivity of NdFeR:dimagnets
[2,5,920,17,19]. 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 eéxplained i
section 2.2.3. Differential scanning calorimetry (DSC) analysis is commonly used to det#renine
temperatures at which incipient melting occurs. Because multiple and sometimes compléx eute
systems may be present [9] in addition to theR¥d 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 58D%ere chosen for the PSA based on the endothermic peaks found in

sample #B, a Cu-containing NdFeB sintered magnet.
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Figure 2.9 (a) DSC curves upon heating to 800°C at 5°C/miraloxv Cu-containing sample A, a
ahigh Cu-containing sample, B, showing varying endothermic peaks which denott
melting upon heating from the different compositions of the two samples. (b) DSC
upon heating to 800°C at 5°C/min showing multiple endothermic peaks describinc
than one eutectic present in the magnel. [20

In addition to the complexity associated with having multiple eutectics, differentmigim
additions can alter endothermic peaks temperatures, as well as cause peaks to overlap [20]dgeik over
evident in Figure 2.9, where the DSC curve of sample #A has no definitive peak, a result of differing C
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 theRed®, Nd-Fe-Cu, and NdSu-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
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Figure 2.10 (a) 450°C and (b) 600°C isotherms of the ternaryHedu system [7]/
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Figure 2.11  (a) Liquidus projection of the ternary Nek-Cu system [77]; (b) liquidus projection of
the ternary Nd-e-B system where represents the NBe,B phase and Jis the
Nd; ;FeBsphase [8L
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Figure 2.12  (a) 500°C isotherm and liquidus (b) projection of the ternanANGu 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 dati@tteri
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 tquitepghase

sintering (LPS) process. On a basic level, there are the magnetic grains, whiehraaént phase of

12



compositionNd,Fe B and average about 1 in diameter [13,4]. DuringPS, theseNd,FesBgrains
that are present in the initial jet-milled powders are surrounded by liquid. qiid folidifies during
guenching and produces secondary phases.These secondary phases exist either collectively in between
grain junction regions (GJR), sometimes referred to in literature as triplerpgions or pockets, or
inthin layers between two grairi®., 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: phastgfrom
ternary NdFe-B system, rare-earth oxides, primarNd inclusions, and phases from the RelCu
system. In the simple case of thd-Fe-B ternary system, not accounting for the Nd-oxides, the phases
found within the microstructure are those expected from the ternary phase diagigore 2.10. In
addition to theNd,Fe B phase grains, the GJRs also contaivd, Nd, ;Fe,;B, sometimes referred to as
T, -Fe, and Nd-oxides [2]Figure 2.13shows the microstructure of such a magnet. Note that the
Nd; ;FeBsphase may be as large as one of the magnetic phase grains and tends to be much more irregular
in shape than thidd,Fe 4B phase [1,2}
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Figure 2.13  SEM image of a typical microstructure of an ReB sintered magnet.,JT,, and Nd
represent th&ld,Fe,B, Nd; 1FeB,, and Nd-rich phases, respectively [4].

The oxides found within the microstructure result fromdinéering process [14] in spite of the
tight atmosphere control. Rare earth oxides have been detected in a variety of compositionsrigity a v
of crystal structures, sizes and locations. In Dy-containing magnets, the rare earth exidiesa
mixture of Dy and Nd in addition to the oxygen [17], but have the same crystal structure despiteothe Dy t
Nd ratio, due to the substitutional nature of the elements. Some oxides have been reported to contain
various amounts of other elemental additions sucbog27], Cu, and Fe [22,175,14,26,27].In
literature, authors tend to refer to multiple oxides of different compositions and strustdezghe
universal name, Nd-rich phase. TKd-rich phase describes specific oxided\d, or other phases in

GJRswhose compositions la not been verified exactly but usually contains larger amounts of Nd than

13



the T, and T, phases [1£2,28]. 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 thédemengihase
name include NdO, NdONd,Os-hcp[29], NdbOs- F X EL F D V-NOHIL®, 8D 1M Mt is agreed that

Nd,O is a metastable phase, but its stability has not been well studied. LikewilNd;@ecubic phase is

a metastable phas83,and as suchNd,Oz-hcp is the more stable sesquioxidewith a morepositive
oxidation energy [83]. Crystal structures of the Nd-rich phases are summarized iDTaWhile not all
reported Nd-oxidephases are shown, specifically the,ti@se, it is useful to refer to the Nd-O binary
phase diagram to better understand the relative stabilities and formation tempefaheexides in

these magnets (Figure 2)14
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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 highligtsection
2.2.3. In this section, the oxide morphologies and structures typically seen in the GJRs ddtielseed.
The large majority of the oxides reported in the literature are those observed in TEd.dtudiagreed
that the most stable of these oxides is the hexagon@lpliase 18,14,29 with a =0.38 nm and ¢ = 0.61
nm [14]. It is suggested that this phase accommodates a range of oxygen larger than stoichiomastric val
[14], and likely occurs due to the oxidation ofless stdttech phasessuch as Ngf25,1828]and the
fcc NdO phase [118,17]. Kimet al.[17] and Mcet al.[14] have found particles of théd,Os-hcp phase
in the GJR, whereas Fukugaeial.[11] only detected fils phase after surface oxidation. Other
researchers detected grains of both thghlticp phase [314] 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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Figure 2.15 (a) Backscatter SEM image of a typical ReB sintered microstructure and (b) the
subsequent EBSD results denoting the crystal structure of the similarly contrastec
rich grains, where red represents RaO phase, green the MN0;-hcp phase, and purple
theNd, ;Fe,B4 phase [31].

The fcc NdO and Ndfphases [32,19] are believed to precipitate at the interface of the MRl
magnetic grains from a high temperature reaction [19]. In addition to large GJR thaiftg, NdO and
NdO,phases have been found both as intergranular inclusion2ZJ1vound in shape [17] with capsule
like morphologies [22], and as nano-size particles within the GJRZ1Despite limited solubility of
Cu in Nd, suggested by the Ni&-Cu ternary phase diagram, it has been theorized that pltsges
could be enriched i€u[17,33,19, with the Cu-rich phase having smaller surface energies and thus more
triangular morphologiesl]/], and could also exist having a range of oxygen contents [14]. Figure 2.16
represents the schematic and HRTEM studies reported bgtanconcerning the Nd-rich and Cu-rich
phases, which were indexed by diffraction patterns to have the fcc NdO crystal structure.

Another commonly observed Nd-L F K S K-RdV Fhid_phase is similar to the fcc NdO phase in
that it may also hold a certain amount of oxygen in solid solution [¥28vhich is thought to stabilize
the structure [25], and accommodate Cu enrichniZftyp to 2.8% [29,3% -Nd has been indexed from
fine grains in the GJR [125,33]. Lastly, there is the metastabld,Os-cubic phase of space grolg3
and unit cell a= 1.108 nm [18,14,22]LNH WKH |F Nt @HasesQXiez N@s-cubic phase has been
reported to show Cu enrichment [17] and to contain different amounts of oxygen [17,14} &ifd 7]
found this phase could exist in large sizes within the GJR similar to ¢@Kdp and fcc NdO phases
discovered by Met al.[14] and Woodcoclet al.[63].
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Figure 2.16  Bright-field TEM micrographs and corresponding schematics showing morphologi
(a) the rare-earth(RE)-rich phase, (b) Cu-rich GJR phase, and the (c) combiwgitor
of both the rare-earth-rich phase and the Cu-rich GJR phase. PG represents prec
grain, GBP represents grain boundary phase, and TJP represents triple junction
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 Figurg #thich denotes a correlation between the oxide
type and oxygen concentration limits [14

W 2 % 4 % e T & 40 10
MO content (aL. %)

Figure 2.17  Crystal structure of the Nd-rich phases as a function of O content within the GJR «
Fe-B sintered magnet7 K Hcp Kdesignates the N@s-hcp phase W Kiét “the fcc NdO
and NdQ phasesa-3 " the NdOs-cubic phase, and ¢S~ W-KldHphase. The dotte:
ovals represent ranges of O content suggestedto exist in each Nd-rich phase crys
structure, and thus may not necessarily correspond with stoichiometric values [14
negative y-axisis likely used to better visualize data points near 0% oxygen.
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Results such as those in Figur&72and others in literature which attempt to quantify oxygen contents are
guestionable, however, given that many are from EDS results which are inaccurate for lighter elements.
Therefore, the differentiation of Nd-oxides, especially those which are isostructyrat Hegtommodate
a range of oxygen [14], is usually complemented with techniques that utilize crystal structamddata
differences in lattice parameters. For instance, TEM diffraction pattern analyses [232 244,
electron backscatter diffraction (EBSD) methods [31] have been employed as shown earlier in
Figure 2.15.

Shinbaet al.[22] has theorized that, in addition to oxygen cahf&4], 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 Nishiet al.[19] and Sepehri-Amiet al.[33]. According to Nishicet al.[19], fcc NdO
precipitates on the NBe sB grainto-GJR interfaceat high temperatures, and Nishebal.[19] suggestd
that, XSRQ ILQDO DQQHDOLQJ WKH IFF 1G2 Sl&and NdOWhem QishideRtU PV LQWF
al. [19] proposed that this reaction releases strain energy which causes the formation of amorphous Nd at
the NdFe4B interface [19], giving the Nd-rich phase morphologies and locations shown in the schematic
of Figure 2.18.

Nd,O; (hep)

Nd (dhcp)

Nd (dhcp)
= Amorphous Nd

Figure 2.18 GJR schematic theorized by Niski@l.[19] for the final microstructure of a NdFeB
sintered magnet where amorphous Nd (dotted pattern) forms at fRe /Bdnterfaces
D Q-8d (Nd-dhcp) andNd,Os-hcp form in the GJR center.

The latter transformation and its possible influence on coercivity are dis¢udsetier detail in
section 2.2.3. Sepehri-Anehal.[33] proposed GJR schematic that is somewhat comparable to that
suggested by Nishiet 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-Amiat al.[33] suggestdthat the oxides found in the center of the GJR in the
final microstructure areeither the fcc NdO phaséd,Os-hcp, whereas Nishiet al.[19] claims that the
fcc NdO phase should transform completelNthOs-hcp and.-Nd upon PSA. The final GJR
morphology suggested by Sepehri-Areiral.[33] is shown schematically in Figure 2.19.
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Figure 2.19  Schematiof the final microstructure of a NdFeB sintered magnet. The intergranule
phase region is shown to be Nd-rich on the inside, and surroundeduaych 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 fcamti® GJR
center [33.

As can be seen from the schematic in Figure 2.19, as well as results reporteddhaK]ihy],
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 frém@e Nd-
phase diagram.The existence and effects of Cu within the intergranular regions, suchwe id. F¥g
are discussed in later sections. The majoritgwtontaining phasesidentified axe-Cu binary
phases[33,29]. éssis known about the ternarphase, however, in the Nee-Cu ternary diagrams in
Figure 2.10, as its occurrence is less frequently reportésltdrhary phase has been reported by Figtler
al. [26], who observed it in the microstructure regularly as large grains gfase has also been detected
as a small, less thanth, phase near GJR corners byeLal.[32], forming adjacently to a phase rich in
NdandCuLQ D PRUSKRORJ\ GHV.RAbdgh&tSadcertdizaR thouddd th 'be NdCu
and the lamellar layers of the two phases within the GJR corner may be seen in Figure]2.26r [Bé
Nd-Cu binary system, the identified NdCu phase is the most reported, and has been found in multiple
morphologies. In the TEM studies by dti 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 (Figtye 2.
Although not explicitly stated, the Cu-rich phase in FiguPd 1 likely NdCu, as Kinet al.[30]
detected ~40at% Cu in this phase.
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Figure 2.20 TEM energy-filtered jump ratio images of zero loss (a), B K-edge (b), Cu L3-edge
L2,3-edge (d), Nd N4,5-edge (e), and O K-edge (f) maps of the GJR corner regior
depicting adjaceriamellae of the NdCu and thephases34].

Bright field Cu-map (K,)

Nd,Fe;,B

o -

Figure 2.21  (a) TEM bright field image and (b) EDX Cu-mapping of a GJR in a NdFeB sintere(
magnet [3(

In addition to the lamellar structure, NdCu patrticles of varying sizes have been detected
[33,2926] by methods such as 3-dimensional atom probe (3DAP) as seen in Figure 22683
precipitates, marked by the red arrows in Figure 2.21(c,d), are again found towards the ctinadesl Bf
[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 summasestibn 2.2.3.

Common characteristics of the intergranular phase are discussed below.
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Figure 2.22  (a) 3DAP map of Fe, RE = (Nd + Pr), and Cu atoms obtained from the Nd-rich gre
anassintered sample and (b) atom probe maps of Nd and Cu of the selected volu
Cu-rich precipitates marked in (a). High-magnification SEM BSE images from Nd-|
phases in (c) as-sintered and (d) annealed sample. Two levels of contrast are obs
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 tartleempositions, crystal structures [17,14], olitmeagnetism
[36,3337]. 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. Tidés® st
however, demonstrate how complex and variable these microstructures are in the sinteetsd Fagn
example, it was long assumed that the intergranular phase was paramagnetic due to a composition of
mostly Nd [22,33,1,94,10]. 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 micn@stiuichs
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,Ifie 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.

(b)

Figure 2.23 HRSEM BSE images of sintered magnets depicting grain boundary phase morpht
that are smooth and continuou$),33).

(b)

Figure 2.24 HRTEM imagesatincreasing magnification of grain boundary regions for a properl
annealed magnet containing a smooth, continuous, and amorphous intergranular
[38,22.

Present day 3DAP data have shown, in contrast, that the grain boundary phase is not exgtsiciely
and its composition may differ from inherently paramagnetic compositions [33]. Sepehrefahif83]
and Honcet al.[37] have shown, through 3DAP studies, intergranular phase compositions of and close to

NdssFe;4B.Cu; [37,33. These findings are illustrated in Figur@2.
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Figure 2.25 (a) 3DAP maps of RE = (Nd + Pr) (green atoms) and Cu (red atoms) of the post-s
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
O, Al, and Cu determined from the 3DAP analysis shown in () [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 [38,36]. 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 %2.3. It
suspected that a Nd-rich composition is more beneficial than that of a ferromagnetic one [33]33,22,
Despite the lack of information and debate regarding the functions of ferromagnetic infargraases,
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 annealgtkemand

how they affect coercivity.

22



Nd+Pr

Cu _|’3==I i,

e S
L0/
L LY
~ 175 nm
(a) (b)
100
80
60 Fe Fe
i e %
- 20l (Nd+Pr) _ (Nd+Pr) _ (Nd+Pr)
R ks it = B = g o
£ 0 5 10 15 20 25 %0 5 10 15 20 25 30 £0 5 10 15 20 25 30
=10 = o
2 = e
€ 0 5 10 15 20 25 80 5 10 15 20 25 30 €0 5 10 15 20 25 30
g 4 £ E
8 2 Galox 34 . Ga|qox 8 G?wa
o_‘hn P EPaETE A ki i PO TR TR O
0 5 10 15 20 25 0 5 10 15 20 25 30 0 5 10 15 20 25 30
8
4 ‘L Culsy ul Cul gy l!! Culgy
0 'l ad
0 5 10 15 20 25 0 5 10 15 20 25 30 0 5 10 15 20 25 30
Distance (~nm) Distance (~nm) Distance (~nm)
(c) (d) (e)

Figure 2.26  (a) 3DAP maps of Nd + Pr, and (b) Cu obtained from aGB, and concentration dej
profile of the constituent elements obtained from the selected ba&ésd) shown in
the Cu map in (b) [J7

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 nfaggsistance to
demagnetizing forces, it is critical to understand not only how these magnets are demagnetizedtin the fir
place, but also how to prevent these demagnetization forces via microstructural improvehients. T
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 mechanitbmspewsial
attention to the effects of PSA on particular microstructure morphologies believed to speaifigedve

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 mannemtahiemately
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 didddvered [
magnetic domains may be seen in a sintered magnet using Lorentz TEM microscopy[1l]and represent the
magnetic polarization characteristics within thaéFe ,B grains B8,41,10].Figure 2.27represents a

general TEM image showing magnetic domains as seen through Lorentz microscopy, where ghe arrow
indicate the domain direction.

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

Given the average sid,Fe 4B grains are typically multi-domain structures [1,42,2,38],
adndicated by the various arrowsin Figure 2.27 [38]. In a properly aligned magnetic gchiniosaain
in the multi-domain configuration will be polarized in the same direction. A magnet with ideal noagneti
properties contains grains consisting of the same magnetic domain polarization directicionatety;
no microstructuresexist that have such domain formation for all the magnetic grains inea siretgnet
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 nucleatexisa 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 8.28and i
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 lllustration of the nucleation of reverse domains in a sintered magnet and the sub:

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
irregularities, strain fields, and differences in magnetic parameters between phase&[88jriMdtures
that facilitate the nucleation of reverse domains are regularly observed in as-sintered malbasés o
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 charasttnat 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 infedfares
include boundaries that are rough and poorly defined betwed&diRe; ;B phase and the GJR and
intergranular phases [9,P2]. Irregularities between phases, especially those involving the intergranular
phase andNd,Fe sB 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 inserghase
morphology is not smooth, and it is considered probable that reverse magnetic domains would nucleate
from the roughest areas with larger interfacial energies 42,9,

Figure 2.30 further illustrates the prominence of irregular interfaces in the erediot
improperly annealed condition. Many of the underlying defects causing such boundary characteristicsin
the as-sintered magnet are theorized to originate from the surface of,Eeg,Bigrains [44,109], a

result of oxygen impurities, stressing the importance of atmosphere control during mamgdag.
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Figure 2.29 HRTEM images of intergranular regionsin a NdFeB sintered magnet showing und
boundariesZ2).
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Figure 2.30  (a)lllustration of interfacial control over reverse domain nucleation by the eliminatis
rough interfaces. (b) HRSEM BSE image depicting intergranular regions consider:
rough and inhomogeneous where reverse magnetic domains would likely nuclgate

Overall manufacturing parameters intimately influence the nucleation of reverse magneti
domains not only from the perspective of clean versus rough interfaces, but also due to tseaslesse
strains produced. The introduction ofstrain fields formed by the presence of precigitiaireshe
magnetic phase [22] and misalign¥d,Fe ;B grains [39] may be domain reversal sources, as well as
residual stresses left from quenching [45] and thermal expansion effects [46]such as craicking fr
improper annealing temperatures [47]. Solidification factors further prove important deeptaes
which result fromdifferentcooling ratej]. Because sintered magnet microstructures are sointricate, it is
not surprising that consistency in secondary phases is difficult to achieve, especiallgraumnghe
complexity of the phaseequilibria involved. Magnetically, the phase distributiontésiougortant and it
is favorable to have manufacturing conditions that eliminate the presence of soft magnetiaptizsss
provide nucleation sites for reverse magnetic domains [9]. Nonmagnetic precipitate\aiFénB

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 couplidg][22,40,
Exchange coupling can occur when two adjacent graihglgife ;B are in direct contact or the
intergranular phase separating the two grains is ferromagnetic [44]. Essentially, excharigg eallpl
cause instantaneous demagnetization from the reversed grain to the exchange coupled e84, 10,

2.2.2 Coercivity Mechanisms

In order to prevent the motion of domain walls and therapid demagnetizationNuf,fe,B
grains, domain wall pinning must occur. Similar to the nucleation of reverse magnetic domains, domai
wall pinning is directly related to microstructure, albeit affected by diffegemofs [4022]. 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 waschtiey
prevention of reverse magnetic domain nucleation was the overriding mechanism of coercivity
enhancement [38,22,19%6D,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 [4B3,44]. However, because each coercivity mechanism requires different phase
morphologies, it is difficult to optimize the microstructure when the more importardiviber
mechanism is unknown.

For example, if domain wall pinning is the dominant mechanism for coercivity improvement,
precipitates within the magnetic phase could provide meaningful pinningZdeblfl,Fe B grains are
mostly defect free, allowing easy movement of the domain wall through the grain. Btesipiobuld help
to pin the domain wall in thegrain, before exchange coupling could take effect [22]. On the othdr hand, i
prevention of reverse magnetic domain nucleation is governing, a microstructure without fhitapeeci
would be preferred in order to eliminate strain and stray magnetic fieldsalairiginate 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 [J2

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 connecticsesnbibizy

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 amanges i
microstructure from PSA and some established theories to the specific formation methods afrée feat
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 sectioreoithes
microstructural effects of PSA in terms of the GJR and the intergranular phase, and the tedonid
how each modification corresponds to the respective coercivity mechanism. Furthermore, thergignifica
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 forraatpicief much
debate. While some authors postulate that the intergranular phase results from solid stat®atiors
involving diffusion of elements [9] or restrictions on crystal structure [11], negstarchers agree that
grain boundary wetting from melted phases within the GJR is the leading process. €hegoé<u
lowers the melting temperature of the GJR phases due to the eutectics formed ifFth€Nigrnary
and Nd-Cu binary systems [19,1%], allowing melting to occur during the PSA [29]. Cu also
significantly aids in the wetting behavior of the liquid [19,177B@ DEOLQJ WKH OLTXLGfV DGYD
the grain boundary regions between theR¢gB grains via capillary motion [29,17,10]. Sepehri-Arein
al. [29] found thatCurich 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 phaseiscussed in section 2.1.3, and has been suggested to
SFOHDQ XS° WKH VXU IEFe B dsdinkhthid gs\Winteréd StakeHd,2,10,22,18]. Additionally,
it is suspected that the intergranular phase development alleviates strain energy [9] fretortiendiof
any rough interfaces between grains [22], and that amorphous structures accommodate theafixcess str
energy better than crystalline ones [44,18]. Therefore, ideal grain boundary phase formation from PSA
prevents a substantial amount of reverse domain nucleatipn [18

Moreover, the composition of the intergranular phase formed during PSA plays a considerable
role in domain wall pinning [47,20]. 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 differencengtimag

anisotropy from the intergranular phase to thgR¥dB [10,4849], and the amorphous, as opposed to
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crystalline, structure, provide the strongest pinning sites for domain wall movetiier®@h the other
hand, through TEM Lorentz microscopy studies, researchers have found that, while ferromagnetic
compositions allow exchange coupling betweepR€¥dB 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 compareatpbaus
structures. However, Shindaal.[22] showed that the crystalline intergranular phases exhibit a simple
orientation relationship with the neighboringJNd,,B grain, this is presumed to help prevent reverse
domain nucleation. An example of this simple orientation relationship is presented in Figure 2.31.

Figure 2.31 HRTEM images (a) and (c) and SAD patterns, (b) for image (a) and (d) for image
an interface between a b B grain and relatively large fcc Nd-rich region, showin
that the NdFe,B grain and fcc Nd-rich phase exhibit a well-defined orientation
relationship: in () (11 4%ras||(111hgrich 22 Newreas|| 2P grich @nd in (C)
(010)\ld2F@4B”( m)Nd—rich [OOl]NdZF@4B||[110]\ld-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 transformatid®.[Orientation relationships
established from PSA could relieve strain fieldgand FUHDWH 3FOHDQHU  LERMBHUIDFHV ZlI1
phase [22] which may have been irregular from rapid cooling steps after sintering [45, 22]elhmgmits/
in coercivity from GJR morphology changes thus are correlated to reverse magnetic domailmucleat
prevention [22]. Multiple authors have suggested, by means of TEM diffraction analysis, ionentat
relationships between the GJR phases anéFé&lB grains, but the results tend to be inconsistent between

studies.
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In addition to orientation relationships, effects on interface character@fdafluced by PSA
have been speculated to occlir,B0]. Researchers have predicted that certain Nd-rich phases create more
lattice mismatch, even when taking into account proposed orientation relationships, than others in the
GJRNd.Fe 4B interface fi4,25,51] such that the location and type of Nd-rich phases in the GJR affect
coercivity and the nucleation of reverse doma##2b,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 domainskd Mdinterfaces.

Matsuuraet 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 NdOs-hcp phase in the GJR from tNel,Fe sB grains [18]. The NgDs-hcp phase is undesirable [44
and considered to cause large lattice mismatch with&lB grains [51,449]. Matsuurat al.[18]
concluded that the Nd-rich amorphous layer hence preven@;Mdp from contact with Ngre;,B
grains, inhibitingreverse magnetic domain nucleation [18]. The TEM studies formulatimgting &re
shown in Figure 2.32, where an amorphous layer separating tg-Mcp grain from the NdFe ,B grain

has appeared in the magnet with increased coercivity after PSA.

40nm

(@) (b)

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

Unlike Matsuuraet al.[18], Fukagawaet al.[11] did not find an amorphous layer at the interface
of the GJR and the NEe 4B grains, but came to comparable conclusions concerning favorable phase
transformations generated from the PSA. Fukagetved [11] suggestd WKDW 36 $-NeloX VHYV .
transform to fcc NdQ which is thought to have more favorable lattice matching with thEeé\@& phase
W K EN@ [49]. Additionally, many authors agré#&' K DItMs detrimental to coercivity [251,51,49] and
Fukagaweet al.[11] attributes its supposed replacement by the fcc,Nidi@se during PSA to be the
cause of interfacial strain reduction at the GIdBFe 4B interface and correspondingly higher coercivity
[11,23.
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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.é€ial.[30,17] believes that Cu promotes
Nd-rich phase transformations, reducing strain energy from lattice misfit between tbehdg and
Nd,Fe ;B interface. Kimet al.[30,17] specifically suggests that Cu diffuses to,8ghcp interstitial sites
during PSA, relieving lattice misfit strain witlid,Fe;sB by forming the metastable Mos-cubic phase
[30] whose lattice matches better withJRe,,B [49]. The interfacial strain energy reduction would
minimize the probability of reverse domain nucleation [3@91Kim 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 te v
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 oragsetiodf
torques of a steady magnetic field, influencing crystal orientations and phase transfa{B@t 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 technidjtes use
assess texture in sintered NdFeB magnets, the magnetic field effect on phase equilibria andtenlidifi

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 interactiorclefspaittin
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, orinoth#a RUGYVY WHPSHUDWXUHY DERY H sYwhkshosSKBMHY T &XULH \

examine texturing as a result of finite magneto-crystalline anisotropies [54,57,59]. Whiletkese
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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 prefergmoadding the field
direction [54,60,57,58]. Alignments such as these often rely on field energies being abledmever
torques [57] originating from viscous effects in liquid phase sintering [60,57], shaptaie
[60,5554,57], and the thermal agitation effect [5558] which increases with annealing temperature
[60]. For preferential alignment in a field, the combination of these effects must beesuitabl

It has been revealed that texturing of phases from magnetic annealing increases in both NdFeB
systems and others [54,56,61]. Wanget al.[61] found that thermomagnetic treatments increased the
texture of the NgFe4,B phase in NdFeB ingots, although this effect was limited to regions nearest to the
magnet surface [61]. In theory, M ,B 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 [60,562]. 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 phasgs wespond
more extensively to alignment in a magnetic field compared to paramagnetic f##hses [

Because the texture of sintered magnets as well as crystallographic orientatiorshefegioan
dictate coercivity mechanisms and improvements, it is imperative that the possibliagexffi@cts from
magnetic field annealing be understood. At the moment, most orientation relationships estaiblish
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.

Woodcocket 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 :KLOH WKHUH ZDV VRPH GLIIL-NXEDMNWNIQ:Qcp, QIEchi [LQJ EHW Z |
resulted from similar lattice parameters, and between cubic phases, Woetlab¢R1] successfully
characterized a typical sintered NdFeB magnet. Usimgraatomatic indexing and combining with EDS,
the expected <001> texture of the,Ne ,B grains was demonstrated and it was concluded that the other
phases indexed, mainly Mos-hcp, NdO-fcc, NdiFeB4, had no apparent texture [31]. Similar studies by
Haugeret al.[64] and Sawatzkét al.[65) confirmedthat EBSD is a valuable and statistically reliable
technique to examine the texture of,Ne ;B 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 Haugest al.[64] and Sawatzkét al. [65](Figure 233(a) and Figure 34(b),

respectively) are quite similar to some EBSD results in this study as will be reported in S&cfion

@)

Figure 2.33  (a) EBSD scan (left) and respective IQ map (right). The bright particles werdiateat
oxides p4]. (b) EBSD orientation maps of (Nd,D¥fre,Co)4B grains for sintered
samples with varying Dy contents. The color codes show which crystallographic

directions are oriented out of the plane o

2.3.2 Magnetic Field Effects: Solidification and Phase

Magnetic field annealing can have substantial effects on phase equilibria and solidifidagion. T
added magnetic driving force contributes to Gibbs free energy [54,55,56], which affects phbise stabi

and the kinetics of the phase transformations [56,55], a
formation analyses. An example of alterations from app
alloy system in Figure 2.34, where the free energy of fe
extent than austenite [p4

f the imagg [65
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Figure 2.34  Schematic Gibbs free energy vs. temperature plot for both the ferrite and austenit
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 anng4lirigHas also been
found that the presence of a magnetic field at elevated temperatures can account for slower
recrystallization rates [56], resulting in refined microstructus&kdnd solidification of phases with
higher aspect ratios [54]. Moreover, magnetic fields can induce phase separation in the letod stat
components with different magnetic susceptibiliti®g.[Reasons for phase separation also include
dampening effects on convection from the magnetic field [66] and slowed diffusion of eleménts [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 discussgidimzse.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, Katoal.[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]. Theerndotpeaks
correspond to thild-Cu and Al-Cu system eutectic temperatu}.[Kato et al.[20] reported that the
magnets thermomagnetically treated at these temperatures were the only samples toclageel incr
coercivity when compared to the control studies with traditional PSA, shown in Figure 2.35(a)[20

4M (kG)

Heat Flow (mW/g)

47M (KG)

300 400 500 600 700
Temperature (°C)

(b)

Figure 2.35 (a) Demagnetization curves for samples A and B (sample A contains Al additions
sample B has both Al and Cu additions) annealed at 500°C and 550°C. The field :
during annealing was 140 kOe for the zero-field-cooled (ZFC) and field-cooled (F(
samples, and 0 kOe for the control samples. (b) DSC data for magnets AZ0}jd B [
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There seems to be less consistency in improvements by magnetic field annealing in the finding
from Akiya et al.[59], but likewise, coercivity enhancements were reported for Cu and Al containing
samples. Akiyaet 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 temperature
to the eutectic temperatures, such as detected byeKatd20].Additionally, studies by Katet al.[58]
show magnetic hysteresis results (Figure 2.36(a)), indicating an enhancement in coercivity for Gu and A
containing samples (Samples A and C in Figure 2.36). Compositions of the samples used in this study ar
given in the table in Figure 2.36(b).
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Figure 2.36  Coercivity, H, plotted against the annealing temperatugeféfF samples A-D which
have varying Cu and Al contents. The field applied during annealing was 140kOe¢
zero-field-cooled and field-cooled samples, and 0kOe for the control samples. (b’
data for the magnets A-D [h9

400 450 500 550 ] 650

Temperature ("C)

The increases in coercivity in the thermomagnetically-treated samples dmgtedtto magnetic
field effects which take place in the samples annealed closer to the eutectic temperatured [&9,20]
magnetic field effects would be amplified closest to the eutectic temperatures due to reeluad th
agitation [59]. The reason proposed for the coercivity improvement is considered to be relsed to
field-induced alignment [59] effect concerning the Nd-rich phase,,NdGhe eutectic melt [58]. It is
hypothesized that alignment in the magnetic field will cause more agreeable latticengadithithe
interface of the NgFe 4B phase in the GJR [58,20,59] The magnetic anisotropy energy has been
estimated for Nd@by Katoet al.[58] who calculates that a magnetic field of 14T may align grains of
NdG, as small as 15nm [54,R0
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Figure 2.37  (a) Demagnetization curves for sample A and C, compositions shown in (b), anne
550 °C, measured at room temperature. The letters SC and RC denote slow and |
cooling modes, respectively. The field applied during annealing was 140 kOe for t
zero-field cooled and field cooled samples, and 0 kOe for the control samgles [58
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CHAPTER 3: EXPERIMENTAL DESIGN

The basis of this study,briefly addressed in the introduction, is to support effestsiblish
better manufacturing methods which increase the coercivitiddfe-B sintered magnets, reduce the
need for expensive rare earth element additions, and to incredSeB\sintered magnet operating
temperatures for enhanced performance and expanded application. On a basic level of experimental
design, theCritical Materials Institute (CMI) project team is attemptingstmuer 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 magnetiesproperti
to understand the coercivity mechanisms of theFR@- sintered magnet, as they are still poorly
understood. The thesis research thus involves microstalicharacterization to evaluate the processing
response of the magnets provided by the project team. This section summarizes how the expetimental se
up aims to develop property improvements, modify microstructure, and determine thecoercivity
mechanisms. Objectives are discussed in terms of the hypotheses for the magnetic processaneffects

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 digedaver
magnetic property improvements actually result from. There is not a cleartandéarg of the exact
effects that the magnetic field has in the post-sinter anne&®BW) ©n, in particular, the sintered magnet.
Theories have been developed, discussed in section2.3.3, but remain largely unsubstantiated. Thus
anobijective of this study teconsider previousassumptions and to develop new ideas based on new
observations. The intent of this thesis is to therefore use advanced charactdgzhtiaques to elucidate
the magnetic field effects, and to determine whether they can contribute to futuractanng process
optimization. The characterization techniques, and the specific objectives betindreatiscussed in
the next section.

Generally speaking, the aim of magnetic field annealing is to impact the
crystallographicorientationand influence the solidification of the microstalatomponents in both the
matrix grains and the GJR. Orientation relationships are expected to inftheramercivity 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 immertafithe nucleation of
reverse domains, in comparison to microstructural morphologies that contribute by pinningf dom
walls. Alterations to phase diagrams and phase stability are also considered to be affectewttiy mag
annealing[56,55]. Therefore, careful characterization of the GJR phase types is necessaryitedete

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 toéticomag
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 LaboratoNLJOR
and Ames National Laboratory (Ames) and was focused on developing a processingtechnique which can
be easily incorporated into already established manufacturing processes through the additiah of a fi
optimization step. Therefore, commercial grade Dy and Dy-free magnets were usechgramp
included utilizing high magnetic field processing capabilities at ORNL for thermomegmeiealing,
magnetic property examination at Ames, and microstructural evaluation at the Colorado Sthinekof
(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 leafly-free, and modDy 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 filhdyannea
were expected to be exhibited best in the N38 and N38SH magnets.

All commercially obtained samples were cut prior to processing treatments, to ajgieoXi
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 theasreceived (AR) sample which wascommercially obtained, a thermally treated (Hplesahich
washeat treated without a magnetic field, and athermomagnetically treated (Wl sehich was heat
tread in a 9T magnetic field. Processing parameters chosen for the thermal and thernmmagnet

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 endothermikpak
coinciding with a eutectic reaction, was observed at approximately 550°C. Thus, prottessingnts
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 PSAuearipera
this study. For processing, a tube furnace was used and samples were encapsulated inqualtzl tubes fil
with argon. The cooling rates chosen were found by trial and error, and the cooling rate gianggette |
coercivity in the thermally annealed N38 specimen, as measured by Ames, was selected. These result

may be seen in Figure 3.1

580C, 2h, H=10

coercivity (kOe)
=
1

1 o] L) 1

cooling time (h)

Figure 3.1 The effect of cooling rates on coercivity from post sinter annealing of the N38 mac
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, @AY 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. Microstanzlysis
was conducted at CSM where phase identification, morphology, texture, and GJR compositions were
examined. The specific characterization objectives and procedures used for the micrakstmalysis

are further detailed in the next section.

3.3 Microstructural Characterization Objectives

It has been proposed that thermomagnetic treatments of commercially sintdree Byed Dy-

containing NdFe-B type magnets can influence texture of NthFe ,B magnetic phase and thie-
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oxidegrains, which may affect orientation relationships and the intrinsic coemfihg

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 charaicteriahe
microstructure was performed to identify the phases present, using techniques such B slegitn
microscopy (SEM) imaging, backscatter electron (BSE) imaging, and energy-dispersive spg@ctrosco
(EDS) spot mode analysis. Characterization of the GJR, specifically, involvedhigh ces8lEV
(HRSEM) imaging, BSE imaging, EDS mapping analysis, and electron backscatter diff(&&iSD)
analysis. EBSD analysis was used to analyze the texture and orientation of phases in ordeyto identif
those phases unidentifiable by EDS (e.g. oxides). The phases in the GJR as wéldgsa B

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

Phase identification and crystallographic relationships were used to understandfoohttese
phases during PSA and relate any differences to processing variations. In an effort to seipport th
interpretation of mechanisms of microstructure evolution, the general compositions for &&Rs w
estimated using the analysis of the data collected from the HRSEM BSE imaging, EDS mapping,as well
as literature. Propesl 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 lassability

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 evatliation a

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 text
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 &é&c2idin
was determined that mechanical polishing was inadequate for the latter (GJR dhatiaetgrand the
development of the cross-sectional polishing technique in place of traditional sample nejsrati

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 direciienthe 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,

DQG ILQDOO\ JUuLw 7KH VDPSOHV ZHUH WKHQ GLDPRQG SR(
solutions 7KH ILQDO SROLVKLQJ VWHS LQFOXGHG KRXUV RI P FRO

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 dieaction,
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 (FESEdMpematic

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 iaefEtQuanta
600i Environmental SEM ax 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 SLIHO D @Qdn &F23&236iRatvixdfor 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.
Crosssedionally 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 t
sample surface. The 70° tilt is standard for EBSD analysis and is necessary to produce the €B8D pat

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 kn&apBNd

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, stépBix HUDJH R P IRU
GIRsDQG P IRU PDIJQHWLF SKDVH (%6' GDWD FdRe@ ®2dplideR) DQG D

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 incic
beam to the sample surface which was necessary to produce and collect EBSD p

4.3 Development of Characterization Techniques

Samples prepared for microstructural evaluation were first mechanically polished byrtehdit
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 contra
regions are the Nd-rich phases in the GJRs and the intergranular phase. The darkgstordjast
LQGLFDWHY DUHDV ZKLFK DSSHDU WR EH YRLGYVY ZKLOH WKH ODUJH
magnetic phase.

Further investigation of these microstructures, as well as closer examination oRthé& @
these samples, showed features (described below) indicating that the traditional mepbbsiidad)
route is an inadequate preparation technique for the characterization of sintered magsetoiderns
were confirmed after preparing samples with the JEOL cross-sectional polisher also showmtielow.
limits of microstructural characterization in specimens prepared by traditional medhmtishing are
discussed in this section, and compared to the enhanced resolution resulting from specimens prepared

using the JOEL cross-sectional polisher.
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(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 spst
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 inadequatatioepa
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 phas
identification in the GJRs has typically been limited to TEM studies. It became apibatethie
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 arérshown
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 fh@ Bdphase with a
substitution of about 2.5at% Al for Fe and Pr substitution for the Nd. Both Al and Pr ar@oom
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 significapt quantit
determined when the Oenergy peak exceeded theyN@nergy 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 typicatly vari

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

(@) (b)

Figure 4.4 BSE images of the mechanically polished N38 AR sample showing typical GJR re
morphologies. EDS point analysis was conducted on the areas marked by the yell
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 70.0 320 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 41.0 175
Co -- -- -- -- 2.4 --

Al 25 -- 3.00 -- 4.0 --
Cu -- -- 24.50 -- 11.6 325
O -- present -- present -- --
Phase Nd,Fe B unknown unknown unknown Unknown unknown
oxide oxide

The phases that were not detected to be oxides or the magnetid.phasgjons (c), (e), and (f)
in Figure 4.4, exhibited similar BSE contrast; however, despite the contrast siesildhese 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) wererthizieélled 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; howevés,JRe were
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assumed to consist of phases from theRgdCu 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 regiqran(tff)(e)
were then overlaid on the Nek-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] withif\itid=e-Cu ternary system. This three-phase
region, seen in in Figure 4.5 and descrilvesection 2.1.3 FRQVLVWYV Rl WKH SKDVHV 1G&X

=7 v
Q'
oy, Vefnas D ® & A S
Atomic Percent Neodymium

Figure 4.5 The 450°C Nd-e-Cu isotherm [77] with phase compositions plotted from the N38 /£
GJR regions, as analyzed from Figure 4.4 and Table 4.1. The elements Al and Cc
assumed to substitute for Fe, and Pr for Nd.

One peculiarity was that these compositions within thé-Bl@u three-phase region appeared to
come from seemingly single-phase regions with uniform contrast in Figure 4.4. The resolut®&bfth
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 limitrgf thus beam spreading
contributions from the magnetic phase ,N&,B, could be ignored. Contrastingly, because the
compositional variances indicated multi-phase regions but the BSE contrast adgmege-phase GJR
phases, the most likely conclusion was beam spreading from adjacent, smaller phases within the GJR
which were unresolved due to reduaehge resolution from inadequate specimen preparation. The
N38SH AR sample was similarly analyzed,with comparable findings. These results are showin below
Figure 4.6 and in Table 4.2
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Figure 4.6 BSE images of the mechanically polished N38SH AR sample showing typical GJF
region morphologies. EDS point analysis was conducted on the areas marked by
yellow arrows labelled a-h, which represent the compositions given in in Table 4.2
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 25 4.5 -- 4.0 9.0
Nb -- -- -- -- -- 4.0 -- 1.0
Cl -- -- -- 10 12.0 -- -- 4.2
(@] -- present -- -- present present -- present
Phase Nd,Fe,B unknown unknown unknown unknown unknown unknown unknown
oxide oxide oxide 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 apgiBat% Al
substitution for Fe. Thus, both samples contain a majority phase with compositions extremely bse to t
Nd,Fe sBstoichiometry 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 thahdr&$
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 knowReéNOu ternary system phase. Accounting for
elemental substitutions, these regions were plotted on the 450FRe-8d-isotherm seen in Figure 4.7,

and it was found that, as in the N38 AR sample, the compositions are within or on the BldCuie
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triangle. The compositions for the N38SH AR regions (c), (d), and (g) are located cMsKtd 2 SKDVH

composition and thus deemed the most likely phase for these areas.

T+ laNd)+CuNd
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\, . =~ FeyNds 4T +aNd) %
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Fe \Fcl‘l-‘*’z "»‘,4"‘5 ;K O B ) o < o Nd

Atomic Percent Neodymium

Figure 4.7 The 450°C Nd-e-Cu isotherm [77] with phase compositions plotted from the N38 /£
GJR regions, as analyzed from Figure 4.6 and Table 4.2. The elements Al, Co, ar
were assumed to substitute for Fe, and Pr and Dy for Nd. The elements were ass!
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 coiricastgstent
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 adjacens phases,a
was the case for N38 regions (c), (e), and (f)in Figure 4.4, are believed to be responsible
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 dedonstr
inFigure 4.8 where it is shown that multi-contrast regions of the BSE image in Figure 4e8¢nated at

the same areas as the topographical depression areas of the SEM image in Figure 4.8(a).
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(b)

Figure 4.8 (a) SEM image of the N38 AR sample demonstrating the correlation of topographi
GHSUHVVLRQ U&rowddRdf g sidteredDnédgnet with the dark, multi-cont
GJRs in (b) the BSE image.

The corresponding locations indicated that the contrast in these particular GJRs nfiegtbe 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 Re-B sintered magnet microstructures [1], it was found that the
frequency of void occurrence varied with sample polishing. For example, represented beloweid Bigur
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
mechanicdy-polished surface. The sample which has been polished a second time shows fewer GJRs
with void characteristics, indicated by the darkest contrast, than the originallyggosiample. Most

likely such differences result from improved polishing technique as well as séngitithe GJRS to
selective phase removal. Thus, it is evident that sample preparation is an importatd fzaeider in
characterization of mechanically-polished, sintered magnets.
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(b)

Figure 4.9 SEM BSE images of the N38 AR sample demonstrating the sensitivity of specime
preparation to mechanical polishing. Figure (a) represents the sample surface whi
contains more GJRs with darker contrast. Figure (b) represents the repolished sul
the same sample which has fewer of the darker contrasted GJRs. The darker con
indicates topographical depressions which are highly influenced by the mechanic:
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. Thesarphiksty
too small to be discernable with the traditional mechanical polish. EDS spot analysis wasetherefo
deemed inadequate to characterize these GJR areas. Additionally, it was found that chaoactéizat
GJRs from mechanically-polished samples is highly affected by the polishing piparaus, it was
concluded that traditional mechanical polishing may not be well suited for proper ehiagdicin 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 sestisrdeemed 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 UtHi2és
cross-sectional polisher to polish the magnet samples using an Ar ion beam that provides higgh milli
rates. While the specimen area polished by the cross-sectional polisher is much smallerftioam that

mechanical polishing, ~0.25nfoompared to 12.5 mfithe regions are still much larger than those used
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LQ 7(0 VW XG EHMS, the sRe of the cross-sectionally polished areas was sufficient to provide
suitable and statistically relevant microstructural characterization foiGaiRs and the magnetic phase.
The bottom region in Figure 4.10illustrates the typical surface polish using the millarggiars
established in section 4.1.2. The upper portion of the polished atraes due to a swinging

mechanism specific to the JEOL cross-section polisher which reduces surface roughness fromgpn milli

100xm

Figure 4.10 Secondary electron image of a typical cross-sectionally polished sample area. To
the edges, curtaining effects from ion milling are evident (see arrow).

Additionally, cross-sectional polishing considerably lowers the risk of oxidation duringregre
preparation and, therefore, reduces errors in oxide identification. For example, incregiseaf lexygen
during mechanical preparation and from oxidizing polishing solutions could generate,@ehidp
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 4rElthen
GDUN B2YRLG" ™ DU leddahidalprlightihG ate\cdmpletely eliminated in the cross-sectionally
polished samples, and represent the microstructure of the fully dense sintered magnet.
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(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 crc
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.

1um 1um

(b) (d)

Figure 4.12 BSE images of the N38AR sample showing the difference in characterization capi
for HRSEM, specifically of GJRs, by improving the polishing technique from (a)
traditional mechanical preparation to (b) cross-sectionally polishing.
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Tum Tum

(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
(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 crassabct
polished samples that multiple phases exist in each GJR, thus explaining the EDS results ftiiRs the G
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  SEIl image of a cross-sectionally polished sample illustrating the effects of curtaini
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 swéace cl

up through additional FIB work if necessary. Since curtaining effects are more prominent tbwards t

edges of the polished areas, they can be avoided by analyzing regions towards the center. Thus, any
disadvantages to cross-sectional polishing are far outweighedibpehefits 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
HOLPLQDWLRQ RI PHFKDQLFDOO\ LQGXFHG 3YidhloGhe'sdmPleWKH PLFUR\
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 graimcekengle
of 5 degrees. Mechanically polished samples also underwent the neighbor orientation cleanup, and
additionally kernel smoothing consisting of 20 iterations and the Kuwahara filtering set3brtearest
neighbor. The Kuwahara filter preserves edges, and replaces confidence indices and oriatdatitin d
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 wenatelthily a grain
size partition. For th&ld,Fe,B EBSD data, similar grain size giiéioning was used, as well as
partitioning of image quality values to eliminate the inclusion of Nd-rich and Gtherphases. The Nd-
rich and GJR phases hadeither higher or much lower image quality values. They were exclutiesl from
EBSD data involving th&ld,Fe sB becaus¢hese data were collected from mechanically polished
specimens, which produced unreliable texture data for phases smaller thapRagENgtains.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 betwhrible phases, as well

as accurately representing the texture of thg=BN¢B 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 thésolate t
magnetic phase from the GJRs and intergranular regions which inherently have brightstscontra

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 usedindhiimpactthe
quality of polishing associated with traditional sample preparation methods used forFegBid
sintered magnet. Phase identification and texture results as well as their interpaegatilso given.
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CHAPTER 5: RESULTS and DISCUSSION

Microstructural analyseof theNd-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 seftitthns
discuss the measured magnetic properties (Section 5.1), the microstructural charactereghtmn us
identify the GJR phases (Section 5.2), the EBSD analysis used to examine texture and wrifkegio
identified phases (Section 5.3), and the interpretation of these results in termsifafetaid 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 theasreceived, thermally treated, and thermomagnetically treated samples are pressmadtie
effects of the magnetic field on the magnetic properties of thEeNBItype sintered magnet. The
magnetic property analysis was conducted by the project team at Ames and is presented via
demagnetization curves and maximum energy product{BEurves shown Figure 5.1. The
demagnetization and B, curves for thdy-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)) demaimpmetizates,
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 esafiviti
the as-received samples, where the coercivity of the N38SH magnet surpatssetheéhN38 magnet by
about 5-10kOe, and by the BElvalues,where the N38SH shows lower BiMaluesthan the N38, an
effect of the Dy addition0].
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Figure 5.1 Magnetic properties of the N38 and N38SH magnets before and after thermal anc
thermomagnetic processing. The as-received (AR) magnet is indicated in black, tt
thermally treated (HT) in blue, and the thermomagnetically (MT) treated magmeet ir
Demagnetization curves representing the coercivity effects of the annealing treatn
are shown for the (a) Dy-free N38 sample and for th®{bgontaining N38SH sample
Differences found in the maximum energy prod@t (,,) for the AR, HT, MT sample:
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), regpescsiveilar
to that of theasreceived commercial sample (the black curve). Contrastingly, the N38SH magnet shows
enhanced Bk, 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 ntu appear
be a substantial difference in coercivity or Bldue 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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BHmacurves (Figure 5.1(c) and Figure &@lf). In contrast, both Katet al.[58,20] and Akiyaet al.[58]
reported coercivity improvements by magnetic field annealing.

Despite the lack of coercivity aBH ., differences from the application of the magnetic field,
microstructural effectsproduced by the magnetic field may still have occurred, and thuexamined.
Additionally, the microstructural effects produced by the thermal processing, which deneghstrat
enhanced magnetic properties, were investigated and are discussed specifically and in greater detalil
Section 5.5. Represented below in Figure 5.2 and Figure 5.3 are BSE images of the miceo&tructur
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 morpholdyesliféerent
processing treatments. The microstructures have very similar GJR and magnetic phase contihats as we

similardistributions of secondary phases.

e 3 M [ ﬁ 10pm

(c) N38 MT

Figure 5.2 BSE images of the N38 sample from cross-sectionally polished specimens repre
the as-received sample (a), thermally-treated sample (b), and thermomagnetical
treated sample (c). Contrast differences, although subtle at these brightness leve
indicate a number of secondary phases present within the GJfRe, Bdnatrix grains
show consistent contrast inferring more homogenous composition.
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(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
brightness levels, indicate a number of secondary phases present within the ¢
Nd.Fe sB 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 withiR tflem&thus

higher-resolution characterization was implemented.

5.2 Characterization of GJR
The cross-sectional polishing technique allows forbetter resolution of the phasedwithin t

GJRscompared to previous SEM analyses. TEM techniques can discern such phases, but arelimited by th

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. Additionsdiigdiive
regions such as GJRs to be examined effectively by TEM, FIB lift-outs are necessealf, @uages of
the GJRs presented in this thesis are believed to portray the complexity and varietyrotthess,
beyond the extent of earlier investigations. The findings from the GJRsalso providesinsligted to
solidification and partitioning mechanisms which mightenable tailoring of the mamirfiggbmocesses to
obtain more preferable microstructures and properties. The characterization andadientiéf the GJR
phases are discussed below in terms of the phases present infe€Na@ndNd-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+e-Cu Phases

In this section the phase identification process used to classify the structbiesheitGIRs
according to the ternary phases within thef¢d=u system is addressdd.Section 4.3.1, the EDS spot
analysisof the mechanically-polished specimens indicated either oxides or placed compositioribevi
Nd-NdCu-2Ztie triangle. While not always distinguishable from the mechanical polish, multiplegpphas
were found to exist in the GJR after improvingthe image resolution through cross-dlggtiolighing, as
described in Section 4.3. Because these GJR phasesagnall, however, it was not possible to use
EDS spot analysisin the SEM to establish individual phase compositions. Thus, using the pyeliminar
EDS results from the mechanically-polished samples as a guideline, EDS elemental maps were collected
for oxygen and elements belonging to MaFe-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 #s N38
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, asctsepres
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 darksh, ebioeit
not as dark as the magnetic phase, which extilgtate-like morphology. The plaléce 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 phagéeWithin

red circles are regions consisting of a darker precipitate phase, with globular or elongatezloggr
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and varying in size, and the brightest contrast phase that encompasses the darker precipitabephase. T
four distinct phases were detected in most GJRs, as is shown by all four BSE images of GJRs i
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 iwamingr, f
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 ongRd¥dB grain to another (e.g. Figure 5.4(c)). ltis
reasonable to conclude that this phase contains an anisotropic shape consistent witike gitateture.

Based on the variability in morphology, it is difficult to specify an exact range of aspesttyqical of

the phaseAdditionally, it is difficult to distinguish between the plates due to their closemityxiFor

example, tk platesnFigure 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 reptiesenting
Nd,Fe;sB 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 lategdtidhis s

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 (Figlrevitb(b
the exception of Nb locations (Figure 5.5(g)); however, the signal strength indicatée ghliates
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 significantiednnicCu
(Figure 5.5 G DQG JENGHMACWMMH. H WULDQJOH LW ZDV LQWHUSUHWHG W/
(NdsFesCu), found in the Nd=e-Cu ternary phase diagram shown in Figure 2.10. The Fe-rich and Nd-
containing phases outside the tie triangle, mainlyRsd and NdFe;;, have not been reported in any
sintered magnet studies.

As indicated by th&DS results shown in Table 4.1 and Table 4.2, Al should substitute for Fe in
WKH SUHVXPHG 2 SKDVH 7KLV VXEVWLWXWLRQ ZDV FRQILUPHG LQ

represented in Figure 5.6.
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(d)

Figure 5.4 HRSEM BSE images of the GJRs in #imreceived N38 magnet.Four distinct phases
be seen with various morphologies and contrasts. The white arrows deaighase
dark in contrast that exhibitsplate-like morphology. The plate phase appears thick
depending on the cross-section. The red arrows show a smaller, medium contrast
found in the GJR corners and in between the plates. The red circles designate re¢
consisting of a darker precipitate phase with globular or elongated morphology va
size, and a phase bright in contrast that encompasses the precipitate phase.

,W FDQ EH VHHQ WKDW W K HFRu&ls B(d)Hcorielatgsrna iHiethliiie K LWH L Q
signals in Figure 5.6(c) and the Al signals in Figure 5.6(e) where the green signal appehrsrelig
intense in the plates. The greatest concentration of Al detected from EDS analysis was|8%.27 &l
the phase marked (c) in Figure 4.6 (a). In the EDS maps, the AGGDO YDULHV OLWWOH IURP W
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 tpbase. Closer scrutiny of the interpretation that the

62



platesDUH 2 |U RPe-QUIsSydteiniconsidering the analysis results and identification of the other
phases formed in the GJR, is presented below.

() Al

(a)N38 AR GJR

Mo (9N

Figure 5.5 N38 as-received GJR showing the HRSEM BSE image of the GRJ (a) and the col
EDS maps (b)-(g) of the same region. In (a) the white arrows designate a phase ¢

contrast that exhibits a plate morphology. The red arrows show a smaller, mediun

contrast phase found in the GJR corners and in between the plates. The red circle

designate regions consisting of a darker precipitate phase with globular or elonga

morphology varying in size, and a phase bright in contrast that encompasses the
precipitate phase.
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(c) Fe

L

(a)N38 AR GJR

Ho (9) Nb

Figure 5.6 N38 as-received GJR showing the HRSEM BSE image of the GRJ (a) and the col
EDS maps (b)-(g) of the same region. In (a) the white arrows designate a phase ¢
contrast that exhibits a plate like morphology. The plate phase appears thick depe
on the cross-section and is interpredR EH 2 | U-RECWEstAM1 G

Other distict morphologies can be seen in the BSE images of the GJR in additioneolakbes.
As mentioned above in regards to Figure 5.4, this includes precipitates of slightly, kdiié somewhat
varying phase contrast, when compared to the postuBgedse. 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 ahthe
brightest phase containing the precipitates. This medium contrast phase, designated by thes,ed arr
was present mostly near the corners of the GJR region such as in Figure 5.6, or aratdsiseigh as in
Figure 5.5. Although from the BSE images it is seen that this phase typically forms in much seedler ar

there are still noticeable links to the elenatstgnal 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 presant in the
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.HNgl -NdCu-2 WL H VW thé Rdp&aQuH
phase diagram, and the identification of the NdCu phase from previous researchers as deSeated
2.1.3. Identification of the NdCu phase also supports the interpretation that the platedi&ésphdeed
2 since the formation of NdCu adjacent to the reportedn previous TEM work by Let al.[34]. Thar
TEM images were shown in Figure 2.20 and essentially mirror the GJR BSE imagdeslgohrthat 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 solidificationidreimesection 5.4.1.

The identification of2and NdCu suggests that the brightest (high-Z contrast) phase, circled in the
BSE images of Figure 5.4must b K D WdRHe 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, butdditionally, thesebright 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 preaigitaiesed
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 ofitagFe 4B 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 areatoi gick up
oxygen signals. In order to verify that the high-Z (brightest contrast) phase seen in tiedg8g& is the
.-Nd phase, and that the low-ZNd-rich precipitates are indeed Nd-oxides, EBSD was imptermbase
results are discussed in section5.3.1, and further eraimiterms of the texture and phase relationships
in section5.3.2.

The phase systems present in the GJR clearly involve thedr system and, most likely,
theNd-O system. From the EDS maps collected, it will also be inferred thatiSehle phase exists in
the GJRs as well. Precipitates containing Nb, mentioned earlier in this section,rédretedthroughout
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 redieds loca
within the magnetic grains and within the GJRs. Shown below is Figure 5.7 which representnd GJR a
the resulting EDS maps that clearly show defined areas of intense Nb in (g). From bottbF¢g) and

Figure 5.7(g), it was found that these precipitates range in size and shape, since fine rquitetesecee
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noted along with larger, occasionally oblong, precipitates. The Nb-containing precipitateshare

EDS map signals with Fe (Figure 5.5(c) and Figure 5.7(c)), indicating that they most likely betomg to
FeNb binary system. In some larger precipitates, such as the larger, centrally locatecaddipitate
found in Figure 5.{@),Al signals, Figure 5.7Jewere alsodetected. It is suspected that, similarly tothe
phase,Al could substitute for Fe in the Nb-containing phase. The Nb-Fe precipitates arelikg)yaNbFe
hexagonal Laves phase, which was detected in TEM investigations by Leorbwids9]. Although

the small size of the particles prevented accurate compositional EDS measurements, during EBSD
analysistheSUHFLSLWDWHYV ZHUH FRPRP®& NG haP thy da@¢ipate groipG DV .
P6&/mmc, as NbFg[71]. This especially highlights the importance of using EDS maps and BSE images
to supplement EBSD data. Ultimately, the melting point of NpE&27°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 lhclutdk LWH DUURZ
NdCu (red arrow), Nb-rich precipitates (likely NBJ;eas well as bright regions with dark precipitates
thoughttobe NOR[LGHV HQF R P S ENd pHdgse (&irclat)KSimilar to the results presented in
Figure 5.5, Figure 5.6, and Figure 5.7, tghase 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 £8(espond to the
Fe signals representingphase 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 ((Figimé &s8well,
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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(c) Fe

— i

(a)N38 HT GJR

Mo (g9) Nb

Figure 5.7 N38 thermally treated GJR showing the HRSEM BSE image of the GRJ (a) and tt
corresponding EDS maps (b)-(g) of the same region.
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(c) Fe

a) N38SH HT GJR

(d) Cu (el

() O T (9)Dy (h) Nb

Figure 5.8 N38SH thermally treated GJR showing the HRSEM BSE image of the GRJ (a) anc
corresponding EDS maps (b)-(h) of the same region. In (a) the white arrows desic
phase dark in contrast that exhibits a plate-like morphology which is identified astl
Fe-Cu 2phase. The red arrows show a smaller, medium contrast phase identified
NdCu. The red circles designhate regions consisting of a darker precipitate phase \
globular or elongated morphology, varying in size, and a phase bright in contrast t
encompasses the precipitate phase. These two phases are suspected to be Nd-o:
W K-Nd phase.

5.2.2 Phase ldentification: Nd-Oxides

While the NdFe-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 altietaiatd

from EBSD uses crystal structure rather than elemental information, and thus is helpful ftyindent
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oxides and phases containing light elements. Known phases within the Gld-Nd-O, and Nd-e-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 KD V FNd& Bijure 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)
carresponds well with the precipitate phase in the BSE image ofFigure 5.9(a), as does the atlexed r
phasewiththe high-Z phase observed in the BSE image.

(b)

Figure 5.9 N38SH thermally GJR EBSD area A showing the BSE image (a) correlating witt
EBSD Image Quality map(b), and the EBSD Phase map (c) where red correspo
.-Nd and green with NdQ The color phase maps were superimposed with the
grayscale of the IQ maps in order to distinguish between precipitates in the phas

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 phegé&sNd phase and the NOs-hcp phase,
LW ZDV FRQ FdXGHd Gnildeniywihatched the EBSD data collected from the GJR. This
interpretation is also consistent with the bright contrast of ahighase and the Nd signals of the GJR
EDS map shown belowmFigure 5.10 E ) X U W K FNd BRXpétted given the phase identification of
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the low-Z, Nd-rich precipitates presented below, as well as its connection to thetaresiwhich is

explained in section 5.4.1 in regards to kO phase diagram.

(b) Nd (c) Fe

(a) N38SH HT GJR ©) Al

(O " (9) Dy (h) Nb
Figure 5.10 N38SH thermally treated GJR showing the HRSEM BSE image of the GRJ (a) an
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 NdOiInterestingly, the precipitates varied slightly in contrast in
Figure 5.9(a), which could be a result of possible oxygen content differences. Therefore, isisrgons
with the BSE image that the precipitates were indexed to be NdO andimNd®ying combinations. Due
to the common occurrence of both phases, this study will refer to the precistiid§aThe cubic
Nd,Os-c structure data was also analyzed but it was found th&;Mdbicdid not index for any phases.
Thus it is concluded that the pok-cubic phase, like the N@s-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 denoteanddide red demes .-Nd.

Ultimately, the EBSD results reflect the same behavior observed in the BSE images and EDS maps of the
two magnetsi.e. there are NdQprecipitates surrounded by a high—-Nd matrix. While high-Z regions

in the BSE images do not always fully index as théd phase, such as in Figure 5.11(c), those areas

which are indexed usually do match bright regions.

(@)

Figure 5.11  N38SH thermally GJR EBSD area B showing the BSE image (a) correlating witt
EBSD Image Quality map(b), depicting diffraction data, and the EBSD Phase m
where red corresponds L WNd and green with NdQO

Some areas are easily indexed.4¢d while others cannot be indexedor cannot be indexed with
confidence, the former perhaps due to polishing effects. For instance, it was suggestetaalier t
drawback to cross-sectional polishing may be that it introduces ion-mill damage to the suhfelse
could cause inconsistent indexing.Oxidation is not a likely cause because the magnetic phagetovas abl
be indexed by EBSD in mechanically polished specimens, which is assumed to be preparation technique
more susceptible to oxidationKLOH ERWK 2 DQG WKH PDJQHWLF SKDVH ZHUH LC
polished specimens by EBSD, the inability to collect high quality I T UDFWLRQ SDWWHUQV IRU 2
magnetic phase in cross-sectionally polished specimens supports the conclusion that indexingyssues m
stem from ion-mill damage. This is demonstrated in Figure 5.12where it can be seen th& pha<e3
inthe bottom right corner ofthe BSE image (Figu2a) ZKLFK FRUUHVSRQdaVWOWR 2 DQG 1

index and are absent from the phase map in Figigch.as is the magnetic phase. Likely, these phases

71



are more susceptible to ion milling damage. Further studies using FIB ckdalg help alleviate ftils

uncertainty.

\\\ -
\'\ ]
L‘ \
(@) (b)

Figure 5.12 N38 as-received GJR EBSD area A showing the BSE image (a) corresponding 1
EBSD Image Quality map(b), depicting diffraction data, and the EBSD Phase m.
where red corresponds L WNd and green with NdQO

Comparing the resulta the figures above (Figure 5.9, 5.11, 5.12Nd and NdQ were indexed
for each GJR. Further inspection of other GJRs showed similar findings, presented below in
Figure 5.13and Figure 5.14, and are representatigach processing treatment in the N38 and N38SH
magnet. The phase maps of Figure 5.13 and Figlided®@monstrate that the Nd-rich phases detected in
either magnet, and in any proéés QJ W U HD W P #@and theHNdgahasek Atlditionally, 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 morphologisal or ph
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.

72



(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
received, (b) thermally treated, and (c) thermomagnetically treated samples. The e
in the EBSD phase maps correspomidNd and the greeto NdQ,.
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(a) N38SHAR (b) N38SH HT - (c) N38SHMT

Figure 5.14 N38SH GJRs showing the BSE images (top) and EBSD phase maps (bottom) for tt
received, (b) thermally-treated, and (c)thermomagnetically-treated saifipdareed phase
in the EBSD phase maps correspomidNd and the greeto NdQ,.

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 antkathe
magnetic phase, as well as NdCu anfilom cross-sectionally polished specimens, likelya result of ion
milling damage susceptibility, texture data for the matrix phase were collectedh&ohanically-
polished samples. Thephase was also indexed in the mechanically-polished specimens; however, there
were not enough data to provide statistically meaningful texture representations. Oxidatideamed

not to interfere with orientation measurements of the magnetic ph@sef- R Q YWddn¥ NdQ phase
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texture could only be collected by EBSD of cross-sectionally polished samples due to the readnced gr

sizes of the phases.Both magnetic phase and Nd-rich phasecrystallography are discussed below.

5.3.1 Texture of Nd,Fe;,B

In this section the results pertaining to the EBSD texture analysis Nfithe B phase for each
condition are presented. The results were obtained from mechanically-polished specimendsicagain
problems with indexing the phases after cross-sectional polishing.Pole figures of theiasirec
thermally treated, and thermomagnetically treated samples are provided and dmgistimgt results. The
asreceived samples were expected to have pole figures showing alignmenidifegB SKDV-HV F
axisparallel to the speBEHQ TV O RTKIHDVYEW FL P H Q fivcaz® &) thed¢htdf df Me (001)
pole figures presented below. The long axis is represented by c in the coordinate system provided i

Figure 5.15, while the a-axis and b-axis in Figure 5.15are arbitrary.

d

Figure 5.15 The coordinate system used for EBSD analysis which coincides with the long axis
specimen and the easy axis of magnetization.

Alignment of the [001]along the specimen axis is characterized by intensity locatedextitidre
of the pole figure$Q 3LGHDO ~ P DJQ [d0¥]akgreX| PaBallkl vivthHhe specimen axis. The N38
as-received and N38 thermally-treated samples show imperfect alignmeniNobeg,B S K D éasy V
direction of magnetizatione. 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 tolmore idea
c-axis alignment seen in the thermomagnetically treated sample depicted in (c).

It was hypothesized that the magnetic field effect in thermomagnetioadliet! samples might
align misaligned grains in tresreceived material, thus increasing intensity values in the pole figure.
This would be seen by either increased intensity at the center of the pole figure, representimg€801
aligned with the c-axis of the specimen, or any off center intensities moving closer towqrole tlgure
center. What the data portray is that close alignment of magnetic phase (001ppE) WKH VSHFLPHQ
long axis is obtained, but onily the N38 thermomagnetically-treated sample. Given the off-center
location in the as-received and thermally-annealed N38 samples, this data also suggestdbattt

grains in the microstructure, as opposed to a portion of the ghairssbecome realigned in the magnetic
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field. The implications that complete grain rotation occurred in order to ohiaindw position of axis
alignment is significant. These findings could hold particular meaning to potential jimgcess
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 sasfyraagnetization
from the specimen axis in the as-received condition, so a note of caution is warranted assaimy error
identifying the reference orientation of the magnet correctly would translate ints i@rioterpretation 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 tkr byt dif
amounts that would clearly suggest that further alignment is occurring in the magneticuysheagse d
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 therestygl tsamples,
which is depicted by the [001] inverse pole figures that show less concentrated &d#B poles.

These differences could be caused by slight stress relaxation during thermal treatmemnge)pédced 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 thermdiy HDWHG VDPSOH®WMh&ROH ILJXU
the<001> intensity of thBld,Fe 4B phase was not centered domiKH VDPSOHYfV ORQJ D[LV DV
thermomagnetically annealed sample. Previous literature has not shown that grain rothéon of
Nd,Fe sB phase is possible through magnetic annealing field effects in a NdCu eutectic melt [57]. The
pole figure intensity locations likely represent errors in identifying reéerenientations, 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 discussetibin 2.3.3, the
data suggest that some specimens geometries were not identified correctly to cothdlde gvaxis of
the magnetic phase prior to thermal processing for the as-received and thermisityNizthsamples. It
is concluded based on best available interpretation that the magnetic field annealing inagjitegr m
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 grainswogalticle
rotation of the magnetic phase. Given that the studies from Ceetra&{57] analyzed grains in much
larger volumes of NdCu eutectic liquid and also did not find texture differences, it isikebsthat the
magnetic field is simply incapable of causing grain rotation oNii#e ,B phase regardless of how

much liquid is present during processing.
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Figure 5.16  The N38 magnet inverse pole figure maps forNdg-e; ,B phase in the (a) as-receive
sample, the (b) thermally treated sample, and (c) thermomagnetically treated sam
the corresponding pole figures and inverse pole figures shown below the respecti
inverse pole figure map.
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Figure 5.17 The N38SH magnet inverse pole figure maps foNtid-e ,B phase in the (a) as-
received sample, the (b) thermally treated sample, and (c) thermomagnetictdly tre:
sample with the corresponding pole figures and inverse pole figures shown below
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 amd use
analyze the magnetic phase texture. Thus, the axes used to describe the aslddHéciephase texture
represent the same geometrical positions for the EBSD texture analysidNabfegB 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 abNdeand NdQorientation data for all
samples are shown by inverse pole figures to accurately highlight any differendtsg&om the
processing treatments.

It was hypothesized initially that magnetic field annealing might rotate Nd-rich phases
specifically NdQ grains, towards preferential orientations along the magnetic field axis. This would be
most evident by increased intensities towards the (001) pole in theNddse pole figure.Below
represent the inverse pole figures, parallel to the long specimemfatkie .-Nd and NdQ 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 gaerasdm
processing treatment were chosen to represent the inverse pole figure resilts déod NdQ. The
intensity colors for the inverse pole figure correspond to the scale adjacent thtlite amits are intensity

(times random).

max = 98,571 10 ?O

45,862
21338
9.928
4.619
2149
1.000
0.465

0001 2110
(@) (b)

Figure 5.18 N38 as-received GJR EBSD area A depicting the pole locations of the Nd-rich ph:
.-Nd and (b) NdQ The inverse pole figures correspond to the direction parallel to-
long specimen axis.The specimen axis and geometry are depicted in Figure 5.15.
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Figure 5.19 N38 as-received GJR EBSD area B depicting the pole locations of the Nd-rich ph:
.-Nd and (b) NdQ The inverse pole figures correspond to the direction parallel to-
long specimen axis. The specimen axis and geometry are depicted in Flgure 5.

max = 8.632

0001 2110
(a) (b)
Figure 5.20 N38 thermally treated GJR EBSD area A depicting the pole locations of the Nd-ric
S KDV HMWAd and (b) NdQ The inverse pole figures correspond to the direction

parallel to the long specimen axis. The specimen axis and geometry are depicted
Figure 5.15.

1010

max = 15.437

001 101
(@) (b)
Figure 5.21  N38 thermally treated GJR EBSD area B depicting the pole locations of the Nd-ric

S KDV HMWAd and (b) NdQ@ The inverse pole figures correspond to the direction

parallel to the long specimen axis. The specimen axis and geometry are depicted
Figure 5.15.
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6.753
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2,588
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1.000
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Figure 5.22  N38 thermomagnetically treated GJR EBSD area A depicting the pole locations of
Nd-UL FK S K D-MdHand (HPNdQ The inverse pole figures correspond to the
direction parallel to the long specimen axis. The specimen axis and geometry are
in Figure 5.15.
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Figure 5.23  N38 thermomagnetically treated GJR EBSD area B depicting the pole locations of
Nd- UL FK S K D-MdHand (bpNdQ The inverse pole figures correspond to the
direction parallel to the long specimen axis. The specimen axis and geometry are
in Figure 5.15.

Figure 5.18 and Figure B 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 thermomagnetic52@ans
Figure 5.23) treatment, the inverse pole figures for.thiel phase in (a) show varying intensity locations.
: KL OH -Mbkpble 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 treaded sampl
(Figure 5.22(a) and Figure 5.23(a)), thdld poles are at opposite corners within the inverse pole figure.
Likewise, the inverse pole figure intensities for the Na@dse in (b) show very different intensity
locations within each inverse pole figure in Figur20fb) 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 thermomagneticatly faaiple. The
varying locations of the pole intensity within the inverse pole figures for diff&@Rs and compared
between samples for different processing treatments suggest that there is no @lebeiarttion

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 axisR | AN End NdQ phases for the N38SH as-received
(Figure 5.24 and FigureZb), 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 resuliiddand NdQ.

max = 10.222 max = 2.020 111

£.939 1010 1797

4710 1598

3197 1.421

2170 1.264

1.473 1.124

1.000 1.000

0.679 ‘ 0.889 . .
0001 2110 001

() (b)

Figure 5.24 N38SH as-received GJR EBSD area A depicting the pole locations of the Nd-rich
D -Nd and (b) NdQ The inverse pole figures correspond to the direction parallel
long specimen axis. The specimen axis and geometry are depicted in Fl§ure 5.

101

max = 15.365 max = 2,288 111
9745 1010
6.180
3.920
2486
1577
1.000
0634

0001 2110 001 101

() (b)

Figure 5.25 N38SH as-received GJR EBSD area B depicting the pole locationsfiitieh phases
D -Nd and (b) NdQ The inverse pole figures correspond to the direction parallel
long specimen axis. The specimen axis and geometry are depicted in Fl§ure 5.
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max = 14.859
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6.044
3855
2458
1568
1.000
0638
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(@) (b)
Figure 5.26  N38SH thermally treated GJR EBSD area A depicting the pole locations of the Nc
S KDV HMWAd abd (b) NdQ The inverse pole figures correspond to the direction
parallel to the long specimen axis. The specimen axis and geometry are depicted
Figure 5.15.

max = 8.868 1 Oio 111

6.164

max = 4.297
3370
2643
2073
1626
1275
1.000
0.784

000 1 2110 001 101

(@) (b)

Figure 5.27 N38SH thermally treated GJR EBSD area B depicting the pole locations of the Nc
S KDV HMWAd add (b) NdQ The inverse pole figures correspond to the direction
parallel to the long specimen axis. The specimen axis and geometry are depicted
Figure 5.15.
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Figure 5.28 N38SH thermomagnetically treated GJR EBSD area A depicting the pole location:
Nd- UL FK S K D-MdHand (bpNdQ The inverse pole figures correspond to the
direction parallel to the long specimen axis. The specimen axis and geometry are
in Figure 5.15.
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Figure 5.29 N38SH thermomagnetically treated GJR EBSD area B depicting the pole location:
Nd-UL FK S K D-MdHand (HPNdQ The inverse pole figures correspond to the
direction parallel to the long specimen axis. The specimen axis and geometry are
in Figure 5.15.

7 K HNd inverse pole figures show intensity locations that, while tending to be absent)s (
vary in each sample. Similarly, the location of Nd@verse pole figure intensities vary, particularly
between GJRs of the same sample. Therefore, ihroesystematic and consistent change in orientation
intensities towards the specimen axis, or any particular specimen orientaticat foatter, after thermal
or thermomagnetic treatmeinteither the N38 or N38SH sampleid not clear from this work that
annealing of these magnets in a magnetic field influences the orientation ofjiNdid3 in the GJR.

While systematic preferences towards certain poleorientations do not exist, theredpeaphase
texture withinthe GJRs ZKLFK ZDV GHWHFWHG XSRQ D QENO ahd QdQydhésesH ILJXUH
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 polerfiheres
.-Nd are shown in Figure 5.30(a) and Figure 5.30(b) and foriNB@ure 5.30(c) and Figure3Xd).

The pole figures represent two different GJRs in the same sample where Figure 5.30(a)ransl Fo(c)
belong to one GJR and the Figure 5.30(b) and Figure 5.30(d) belong to the other. The intensity spots fo
each GJR are located differently in the pole figures, suggesting that a single orientation doeglats
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 thdrestiy

samples.
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Figure 5.30 Two N38 GJR EBSD areas depicting the sharp intensities indicative of texture in t
rich phases.-Nd, (a) and (b), is seen to have generally one sharp intensity seen in
(0001) pole figure due to there being a single orientation for that phasg inteiity
locations, (c) and (d), can be seen to surround the Nd intensity spots, suggesting
orientation relationship between the two phases may be present. Pole figure axis
represents the long specimen axis whose geometry and specimen axis are depict
Figure 5.15

1.000
0592

Pole figure observations do show that thid orientations generally display single orientations
in each GJR, most distinctly seen by the (0001) pole figureNd, such as in Figure 5.30(a) and (b),
although occasionally there are two orientation intensity regions. If there is a secorationigittis
generally of much less intensity than the other region. Unlike-thd, the NdQ phase shows many
grains each with varying orientation.It was noticed, however, that thgBlatO pole figure intensity
regions tended to revolve around the (0001) pole figure highest intensity spot.efithghase when the
different pole figures were superimposed. Therefore, it was theorized that there might eatatiai
relationship between the two phases, which would be responsible for the sharp texture intemsities. T
was confirmed and is more clearly visualized when the sample geometry is rotated to an oriengéation wh

important poles lie in the center of the pole figure. The geometry rotation and its eedtsrenstrated
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inFigure 5.31.
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Figure 5.31  (a) Process demonstrating the rotation of the specimen geometry used to assess
orientation relationship between phases. The original sample orientation with the |
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 ifNithphase of the

original specimen geometry is centenedhe pole figure, the NdQntensity spots become arranged

accordingly using the same rotation. The rotation effect on the paol® figures is shown in Figure 5.32.
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(a) Nd Pole Figures, Original specimen (b ) Nd Pole Figures, Rotated

o

101

1120 1120

B

001

A
B
A

max =23.316
13795 c

8.161
4829

2857 b
1690

1000 @

0.592

max = 23,190
13.732

8.132
4816

2852

1689 b
1000 3

0.592

111

114
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Figure 5.32  The effects of rotating the specimen geometry so that the Nd orientation is positio
the center of the pole figufe-d) rather than the original specimen axis (a-b).

The orientation relationship between the Naé@d .-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 theNd phase matches the center intensity of the (111),d(@ figure.
Likewise, the (1)) Nd and (110) Ndghave 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 betsekand NdQ is (0001).-
Nd||(111) NdQand [L12)] .-Nd|[#0]NdO,. 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 othBid and NdQ fall into this category becauseNd is hexagonal and
NdG, is face-centered cubic.

5HSUHVHQWHG EHORZ DUH W K-Nd bnd WiDphades f& RvO BIRE WIBHY R1 W

each sample and processing treatment. Pole figure data for the N38 magnet are given foreéheds-rec

87



(Figure 5.33 and Figure®)), thermally treated (Figure 5.35 and Figure 5.36), and thermomagnetically
treated (Figure 5.37and Figure&8). samples. Pole figure data for the N38SH magnet are also given for
the as-received (Figure¥®and Figure 5.40), thermally treated (Figure 5.41 and Figure 5.42), and
thermomagnetically treated (Figure 5.43and Figudd)Samples.
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Figure 5.33  N38 as-received GJR EBSD area A rotated pole figures showing theorientation
relationship formed by-Nd (a) and NdQ (b).
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Figure 5.34 N38 as-received GJR EBSD area B rotated pole figures showing the orientation
relationship formed by-Nd (a) and NdQ(b).
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==
1120
max= 13439

max = 100243 8716
45510 5653
21579 3666 <
10.012 2278 -—
4645

Fpia 1542 b
2155 1000 5
1.000 0.649
0.464

(a) (b)

Figure 5.39 N38SH as-received GJR EBSD area A rotated pole figures showing the orientatio
relationship formed by-Nd (a) and NdQ (b).
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Figure 540 N38SH as-received GJR EBSD area B rotated pole figures showing the orientatio
relationship formed by-Nd (a) and NdQ (b).
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Figure 5.41

Figure 5.42

Figure 5.43

(@) (b)

N38SH thermally treated GJR EBSD area A rotated pole figures showing the oriel
relationship formed by-Nd (a) and NdQ(b).

(@) (b)

N38SH thermally treated GJR EBSD area B rotated pole figures showing the oriel
relationship formed by-Nd (a) and NdQ (b).

(@) (b)

N38SH thermomagnetically treated GJR EBSD area A rotated pole figures showir
orientation relationship formed byNd (a) and NdQ(b).
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(@) (b)

Figure 5.44 N38SH thermomagnetically treated GJR EBSD area B rotated pole figures showir
orientation relationship formed byNd (a) and NdQ (b).

Illustrated above, it is clear from the pole figures of the as-received, thermally treated, and
thermomagnetically treated samples in both magnets, that the identified orientationskip applies
for each of the processing treatments. Although it is apparent in the pole figurbe thia¢mtation
relationship is easily distinguishable, a wider spread of orientations was found faGhgrains in
some samples. For instance, inthe N38 thermally treated sample, the pole figures (Figoyeid35(
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)uar®br3§ (b))
indicating a spread of grain orientations in the Nd@ further explore the influences of annealing
treatment on the orientation relationship, texture intensity levels between treatmendanalgzed in
more detail. These results are presented in Table 5.1.

Comparing the average intensities of the Nd@ins, it was concluded that there were not
significant changes from one processing treatment to another, and that the same orieitiatiaship!
between the.-Nd phase and Nd(phases is seen amongst the GJR regions for all samplesanalyzed
regardless of treatment. The data suggest that the orientation relationship develohsrf@gnets at
temperatures higher than that of PSA. THed-NdO,orientation relationship is believed to specifically
develop during the higher temperature stages of the sintering process from a eutectic reae@ntbet
Nd and O in the liquid. This eutectic reaction, along with the solidification of the démified GJRs, is

discussed further in the next section.
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Table 5.1 +Average Maximum Pole Figure Intensity (times random) in GJRs-kat and NdQPhases

Magnet Maximum Pgle Figure Magnet Maximum Pgle Figure
Intensity Intensity

N38 GJR r-Nd NdO, N38SH | GJR r-Nd NdO,

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

54 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 iiogoaterning
the phases present and the orientation relationshipsdetected, insights related to miceostaiction
can be inferred. Connections can be drawn between the phases, their known phase diagrams, and the
temperatures utilized in the sintering and manufacturing presdsquid penetration into the grain
boundary areas is believed to be important to the development of optimal grain boundary
characteristicg9, 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, includingNE@®@ UWLFOHYV V X tNd RatiixGidG@n&E\ D Q
NdCu phases from the Nee-Cu ternary system, aridb-Fe precipitate particles suggested to be the
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NbFephaseln this section,the formation of the GJR phases in terms of their respective phaes syst
and phase diagrams is discussed. GJR phase evolution theories concerning the Nd-O binary system and
solidification routes involvingthe N@u-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 orientatimnetigts detected
between the phases, and the connection betthesa factors and tiéd-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,N8@rounding these cubic oxides is the hexagonal
.-Nd phase. The majority of the GJR cubic oxide precipitates exhibited varying psideseup to 1um,
and contained morphologies of both round particles and elongated shapes as seen in the figures presented
in 5.2.2. The twoS K D \WE-NdO, morphologyis consistent withispherical type eutectic reaction from
the liquid[68].Dendrites were also observed within the N38SH AR sample, Figure 5.45, indacating
eutectic reaction similar to eutectic morphologies in other systems [84]. These deneh#essumed to

be NdQ as their size, BSE contrast, and location are consistent with those indexed by EBSD.

(@) (b)

Figure 545 %6( LPDJHV RI WKH 1 6+ $5 VS HNddt Q@ whh & ¢ledrlyF \
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 \WeHOTjlease

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 seerfrom Figure 5.46thaW KHUH LV D HXWH F\WAWdRnY NdDRW 2RI TRiS1W ZHH Q
temperature is within the range of the NelB sintered magnet processing temperatures, 1400K and
below. According to the phase diagram, a solid-state reactioncould alsoproduceQ@kédpphase,
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 shedy and t
mechanism is most likely eutectic solidificatiorhel.-Nd-NdO eutectic reaction at 1294K, consistent
with the mechanism proposed based on morphology, is further supported by the texture analysis. Eutectic
UHDFWLRQV KDYH EHHQ VKRZQ WR SURGXFH RULHQW®&d RQ UHODYV
NdO [72]. Additionally, because the orientation relationship was shown to persist thineugiibsequent
580C thermal treatment#, suggests that the orientation relationship was developed at higher
temperatures.

TheNd-rich phase evolutiois hypothesized to occur as follows: Beginning withquenching from
the 1050C liquid phase sintering temperature, thé-rich liquid containing dissolved oxygen begins to
solidify,resulting in a structurewhich is dependent on the oxygen content. It is thoughé theydien
content may vary from GJR to GJR, based on the observed variation of morphologies within the
microstructure. For example, larger primary Ndfains were identified among tHeG 2 D NG
eutectic mixturenFigure 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. Retardles
sdidification of the eutectic constituent is also believed to have produced the oolem&éitionship

between.-Nd and NdO. This orientation relationsfaipd the primary constituent should remain through
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lower temperature heat treatments. It is unclear whether or not the existence,oidsdt@ied by
EBSD,results fromcooling from sintering or from oxidation, as the metastablgoNa€® is not included
in the still tentativeNd-O binary phase diagram. The remainingNd:- FK OLTXLG QRW FRQWULE X!
Nd NdO eutectic reactioisbelieved 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 Ndeforamation. The Cu
enrichmentof the remaining liquid results in solidification at lower temperatures bé&baudsereases the
Nd-Fe-Cu liquidus temperatures dramatically and finally results in a ternary e ded®6°C
[19,1017,29]. The solidification of the remaining liquid is described below.

Unlike the formation of the Nd-oxides, phases belonging to the ternaRelld+ system are
expected to be controlldny PSA again, due to heating above the ternary eutectic temperature. The
formation of the Nd-e-Cu GJR phases thus depends on the behavior of the liquidat the PSA temperature,
which is largely dictated byits composition. Proper interpretationnecessitateatiesf the liquid
composition. The most direct approach to approximating the liquid composition would involveaagtimat
the averag®ld-Fe-Cu composition in the GJRs and is easily accomplished through phase fraction
analysis given the known phases and their compositions and volume fraotiweser, multiple issues
preventedhisquantification in the current study. While the phases were identifidid, which formed at
high temperatures and is not expecterktoelt during PSA, is indistinguishable frordANd formed from
the lower temperatuidd-Fe-Cu system reactions.Secondly, the shape anisotropy ofthese creas
guantification problems as well, influencing analysis of iron. Stated earlier in section 324 H 2 SKDVH
existsas flat, acicular platelets.i$shape renders it difficult to accurately assess phase fractions in the 2-
D cross sections, where somparticles appearthin while others appear thick. 3-D cross-sections would
better establishthevolume 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 compositioregugi th
composition of the magnet,by estimating the volume fraction of the detected phases assuméf to solid
prior to the PSA temperatures. A typical sintered magnet coriejabdld,,-Dy,1-B;-Cuy (wt.% [76].
With additions of Nb, commonly accounting for 0.8wt%8][in place of Fe [6F,0], the bulk composition
of the magnets in this study are estimated tBdge-RE;z3-B1-Cu-q 1-Nby g Wt.%, or Feg -RE;50-Bs -
Cuy 1-Nbg at%, where RE represents total rare earth elements. It is assumed that the Al and Capresent i
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 compesitasear
detected in the microstructure andprojected to solidify above the PSA temperBiess phases include
the magnetic NgFe sB phase, NbFgrecipitates, NG 2 D €ENG from the Nd-O eutectic reaction, and the
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Nd; ;FeB,phase.
In the NdFe-B ternary systemthid, ;Fe,;Bsphaseforms at ~ 666°(the ternary eutectic
temperature) and is commonly seen in sintered-Bl8-magnets [1]. The NdFeB,4 phase composition
was identified in the mechanically polished samples through EDS spot mode analysis which is shown in
Figure 5.47. The NdFe,B, 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 tt
Nd, ;FeB,phase are arrowed in white. The rare earth and iron compositions disple
below the BSE images were collected using EDS spot analysis and are consisten
Nd; ;FeB,phase.

This phase, slightly darker in contrast than the magnetic phase due to increased B content, is
much larger than other secondary phase constituddisk-e;,B,4, 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 acieplase. Thé&ld; ;Fe,Bspresent in the
magnets of this study matches the appearance in literature, given in Fgi(ig. 5.

To estimate the GJR composition, the following assumptions were made regardilt fFeB,
phase, in additioto the other phases considered: the phase fraction of the magnetic phase found from 2-
D cross-sections is representative of the entire microstructure, thgghbBe accounts forall of the Nb
within the magnet, and any B not in the matrix phase reacts completely to ferfreld. To address
the first assumption, ImageJ was utilized to estimate the phase fraction of the magnetiomdech
sample, measuring 92% Nk 4B, which was consistent for all magnets studied. This value additionally
agrees with reported values for fully dense sintered magnets [64,5]. Thieel] phase, containing the
excess B, and the Nbfeontaining 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 NBe-Cu ternary system. This composition of phases ig, Ntk «Cuy 1, where x
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represents the amount of Nd©@ Q @ld.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.

(@) (b)

Figure 5.48 (a) BSE image showing multiple regions of what is likely Nk ;Fe,B4 phase, the
slightly darker phase as compared to the magnetic phase grains and indicated by
white arrows, in the N38SH AR microstructure. (b) The microstructure found indite
of a Nd+eB ternary sintered magnet showing similar phase characteristjc, @and
Nd represent the NBe;,B, Nd; ;Fe,B,4, and Nd-rich phases, respectively. [4

Specifically, theGJR composition is calculated to contain four times as muad Fe
Cuirrespective of Nd. A tie line may thus be drawn from the Nd-rich corner of the 600°C isptherm
representative of the PSA temperature, through the points satisfying the 4:1 Fe to Cu ratibedlirst
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
WHPSHUDWXUH W LV VXJJNWMWG 8 UURG WDKMHL B I UYVH ONM\BMBEBQV KLS W
in equilibrium with the liquid at the PSA temperature. Thus, the intersection point in BigQres
MXVWLILHG EHFDXVH LW IROORZV WKDW WK HNtsRtFRFOB.RVLWLRQ P X'
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 ligufeNGu,, upon cooling is

theorized below with the aid of the Nk-Cu liquidus phase diagram, depicted in Figure 5.50.
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Figure 5.49 The 600°C Nd-e-Cu isotherm. The red line represents compositions which satisfy
of 4:1 Fe to Cu. The blue circle encompasses the intersection of the red line and t
liquidus line near the Nd-rich corner, and represents the estimated liquid composi
used for solidification analysis of the Nf#-Cu phases in the sintered magnet.

Figure 5,50 Nd-Fe-Cu ternary liquidus phase diagram showing the Nd-rich corner. The estimat
liquid compositionNd;sFe /Cuy, is labelled lgoc

Before analyzing the solidification of the liquid, it is worth noting that in Ragh$eaticle [77]
the eutectic point (E) at 486°C and the peritectic poinath)2°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 Figure3). Following the corrected liquidus phase diagram, the
solidification route beginZ L W K | R U P INuy &sRh@ liguid composition moves from the initial
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composition, labelled dgoc in Figure 5.50, to theliquidus trough which ligsH W Z H HX affd< H
regions. Theportion of liquid forming the newly solidified-Nd is expected to be small, based on the
FORVH SUR[LPLW\ RI WKH VWND-UW U®R X FKRNISes#ikeWicBn@ibwer ta\theH
growth of preexisting-Nd JUDLQV ZKLFK VROLGLILHGN®§ovwHigstedd of WHPSHUDW X
nucleation issupported by the texture profiles of section 5.3.2, in which it was seen thiztntiadiamn
UHODWLRQ VO SndEMIGY @idH Qresumably forms at the sintering temperature,is maintained
regardless ofthBSA

Once the liquid composition reaches the trough, the liquid composition will continue down the
trough,aseand more.-Nd form 7 K4Nld.continues to grow from previously nucleated grains whitte
suggested to nucleate epitaxially on NedFe 4B grains, which was discussed in section 5.2.1 and
demonstrated to occur in figures such as Figut2 &nd Figure 5.8.K H 2 ENQ ghases will fornas
the liquid compositioffiollows the trough until reaching the eutectic point, (E) in Figure 5.50. Any
remaining liquid should simultaneously forgh -Nd, and NdCu under equilibrium conditions.From the
above theory of solidification behavior based on the estimated liquid composition, it is foutie tha
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 welhas the grai
boundary regions, are where the last liquid freezes. It is crucial to understandthe¢dompb#ie last
liquid freezing in the GJR, as itgreatlyimpactsthe resulting grain boundarg, @raktherefore coercivity
Factors affecting the liquid composition at the eutectic temperature, specificalbotheyaate,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 séltlebated topic, and the exact mechanism or mechanisms
responsible for its development are not completely understood. A favorable and well supeantgd t
suggests that grain boundary wetting, in conjunction withcapillary motion [29,17,10],is kegdbgrain
boundary phase formation [19,17].3Grain boundary wetting is known to improve with Cu additions.
Sessile drop experiments have shown significant reduction inwetting angles widldlitienaof Cuto Nd-
FeB ingots [19,7RFactors 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 graeisjsvhi
suggested to be beneficial for interfacgleanupfi.e. the smoothing of atomic scale roughness on
magnetic grain surfaces, and the reduction of reverse domain nucleation. The s@idifaie of the
liquid theorized above follows equilibrium conditions, and as such should be affected by cdelng ra

which in turn could alter the Cu concentrations of the last liquid to freeze. Thegraimwetti
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characteristics of the final liquid is therefore believed to be particularly effdést cooling rates and
theresulting changes@arenrichment. Cooling rate effects are reviewed below and are discussed
additionally in terms of coercivity improvements.

Because equilibrium cooling rates are likely very slaviy LV LP S UR EDN& QdCuNbaKD W W K H
2ohase fractions suggested to solidify by the composition at the eutectic point onFleeCNdiquidus
phase diagram .-1G 1G &X D Q&g to olcur in natural freezing. Even at extremely slow
cooling rates, it is interpretedthat théE .- 1 G reéaction precedingthe final solidification through the
ternary eutectictemperature regime does not reach completion or solidify at aquilides For
instance,-Nd may form faster tharduring natural freezing because it is suspected to grow from existing
solid .-Nd present in the GJRs whereas #phase has to nucleate from the liquid.The cooling rate,
therefore, DITHFWV WKH ILQDO OLTXLG FR{N&fRk be¢foir olillific&iBriZisP XFK 2 D Q(
complete. This is important as the faster the cooling rate, tHigjledds likely to reach the higher Cu
contents when compared with slower cooling rates. Alternatively, the rstmokng rates should allow
more partitioning of Cu into the remaining liquid and enhance the wetting described above.lIt is thus
hypothesizedhat 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 nucleatidhiByG X Foughdess of the
magnetic grain surfaces, ultimately improving coercivity. However, this hypothesis afgpkars
inconsistent with the cooling rate versus coercivity results shown inFigure 5.51, wheréet sgen 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 mag
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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 théugjud-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 homogénieéygrain
boundary phase.Specifically, the heterogeneityassociated with coarser crystalline grain boundary phase
may increase the likelihood of reverse domain nucleation [1]. On the other hand, intermediage cooli
rates could produce finer, more homogenous grain boundary phases, or eveninduce a glassy state[75].
Either might be advantageous for obtaining higher coercivityl@dAnother possibility maybe that
slower cooling rates allow more dewetting by the liquid[74], causing contraction ofjtine diway from
the intergranular regions back into the GJgtisninating 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 atingahe
cause ofhe difference in coercivity enhancement arises because the thermal histories ofrtfezaiaim
magnets are unknown. Assumptions may be made regarding the cooling rate and temperature from the
initial sintering stage, where rapid cooling is typical and W% L G H Q WWNENJQY éutéctic
formation, but the microstructure prior to and the parameters involving the first REmedra are
unknown. The best means of interpretation of the coercivity enhancement in the N38 magnetashich
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 mydessa
understand the underlying coercivity mechanisms. Current literature suggests the minimizatierse
magnetic domain nucleation is most important. However, with the possibility of ferromagagtic g
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

10z



areconsidered in the following discussion. Microstructural characteristics thougfiience coercivity
are discussed in two sections. The first section covers intergranular phase débticaofahe N38 and
N38SH magnets, and relates these findings to theories of liquid behavior ocduriimggboth the
commercial process and the PSA treatment implemented in this specific study. The secomdféeri
a microstructural analysis of additional phases thought to be influential to dydsgidomain 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 magns#re 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 gquidtahien
tograin boundary phase analysis because the thermal history of the commerciallyobtaimetd imag
missing.Shown belowin Figure 5.52andFigure 5.53are HRSEM BSE imagesrepresentative of the
intergranular phases for the as-received, thermally treated, and thermomagnetatelliyNiz8 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 hass thi
1.5nm [33,22,37,9].

From Figure 5.5%2a-c), the as-received N38 micrographs reveal a very thin, brightly contrasted
intergranular phase which occurs with varying thickness. The bright contrast represents enrichement i
earth content. The morphology typically alternates between thin regions and small, round pockets of
intergranular phase, giving a dotted appearance that signifies larger wetting anglesHithire 5.52d-

f), the thermally treated N38 magnet, there appears to be two different types of gralargphase
morphologies. Represented by Figure 5.52 (f), there are regions which look quite similar tathe grai
boundary characteristics found in the as-received magnet, with generally thinner sectiongsgonta
brightly contrasted pockets of intergranular phase. On the other hand, in Fifufd-&) there appears a
second type of intergranular phase morphology. It is characterized by thicker regionsithabatact
with lengthiersections of magnetic phase, and contains fewer abrupt changes in thiekniesger
SSRENHWYV’™ RI LQ WHburé 5.52QiXbdwl reSHt®ddmsistent with those from Figure (8:52
f), suggesting that the thermomagnetically treated samples have the same grain boundary phase
characteristics as the thermally treated sample, and that the magnetic field H&k&iFRs, has no visible
effects on intergranular phase formation. The similar micrographs of the thicker intesigrairage

regions found in the thermally treated and thermomagnetically treated samples but notifioinnitev
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asreceived sample, indicate that these grain boundary phase characteristics mighonesh# PSA

treatment specific to this study. The absence of abrupt thickness changes from the inteprasela

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 ofdhe liqu

increasing grain boundary wetting.

(@) AR (b) AR (c) AR
(d) HT (e)HT (f) HT
(9) MT (h) MT (i) MT

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 represer
the most commonly seen intergranular phase morphologies, oféedigjction of the
typical differences seen in the as-received sample (a-c), thermally treated safy@ed
thermomagnetically treated sampleiXg-
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Figure 5.53 BSE images providing examples of grain boundary phase characteristics for each proc
treatment in the N38SH samples. The grain boundary regions are representative of the
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 sampleiXg-

The increases in coercivity in the N38 thermally and thermomagnetically treated snagyehus 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
PSAtreatment from this study when compared to the as-received condition. Inspection of the grain

boundary characteristics in the as-received sample, FigaB&s), shows long regions of very thin,
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continuous intergranular phase, with some smaller pockets of intergranular phase conparadievias
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 boyndessy thickness

but also still contain many regions,Figure 5.53(f,h), of the smooth, thin intergranular phakelogyr
seen in the N38SH as-received sample. The thicker regions of intergranular phase in they tineatesal|
and thermomagnetically treated N38SH magnet, Figure 5.53(e) and Figure 5.53(g) for exaraptef wer
as thick as the regions studied from the N38 sample, Figure 5.52(e) and Fag(ge SVhile the

variation in thickness of the N38SH grain boundary phase are believed to be less desiraben(ihly
and thermomagnetically treated samples did show a very small decrease in coercivity whiclutvas abo
3%), their appearance may not be as critically detrimental when in the presence of the |onigsgiciis

of intergranular phase.

The coercivity and the intergranular phase morphology results suggest that f88thefhet,
wetting was likely improved upon the second PSA treatment, while the N38SH magnet showed
intergranular phase characteristics which suggested little effect from the secorid #®A38 magnet,
decreases in the occurrence of small pockets of intergranular phase in addition tallmigtricker,
more continuous grain boundary phase sections indicated improved wetting. The improved wetting likely
helps to eliminate roughness of the magnetic grain interface, increasing the codvitildtyariation
occurred in the intergranular phase morphologies of the N38SH magnet, signifying that tinge wiaeti
relatively the same across all the samples, and as such the coercivity was mostly unéfected.
implications which these results have on the theorized liquid behavior during the commércatizih
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 possibilitivbantgmets
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 [23,20]. 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 magnat,.element known to affect wetting and the eutectic tempera0feTfhis
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 tacspmujfositions to best
exploit the wetting properties. Additionally, because the phase diagram becomes increasingly compl
with the inclusion of Al, it is difficult to assess the exact effects which Al halseddd-Fe-Cu phase
diagram. Most likely, however, Al alters the eutectic temperature some, but not thehaises, asand

NdCu were detected in both magnets. Thus, the theorized solidification bglse¢iton 5.4)is relevant
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with respect to the assessment of sintered magnet manufacturing, and offersidebi® redatiéng 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 corafibating
coercivity changes is thus believed to bethe grain boundary phase, as it was the only featurasvhich w
detected to show microstructural changes upon PSA. However, it is important to note thattatber
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. Theneftysis is
included in regards to domain wall pinning and the precipitate phases found within the magmegic grai
particularly because the chemistry of the grain boundary phase for the N38 and N38SH imathets
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 improvetgoercivi
occurs from the existence of precipitates within theR¥dB grains p9]. 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 thanchally
thermomagnetically treated, there is consistent occurrence of Nb-rich and Nd-ricly, Ne@;|
precipitates distributed within the bib4B 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, NdOprecipitates were located within piab 4B 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 5.82(th Nb-rich and Nd-rich precipitates were
found to range in size. Smaller intragrain Ng®ecipitates 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).



(b) Nd (c) Fe

(a)N38 MT GJR @0 & Nb

Figure 5.54  N38 thermomagnetically treated GJR showing the HRSEM BSE image of the GR.
and the corresponding EDS maps (b)-(e) of the same region.

(@) (b) (€)

Figure 5.55 N38 thermomagnetically GJR EBSD area B showing the BSE image (a) correlat
with the EBSD Image Quality map(b), depicting diffraction data, and the EBSD F
PDS F ZKHUH UHG FRiIRud@teenDWhHNEQOZ L WK .
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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 th
correlating EDS maps for (b) Ndand for (c) Fe of the same region.

Larger NdQgrains were observed as well within the,Ng,B 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 Ninailtdr
grains were observed in both GJRs, Figure 5.57(h), and withireNB grains, Figure 5.7(g) and

Figure 5.5(qg).

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 dianedtintragranular
particles from the EDS maps, but it is obvious that the small precipitates detected in theuniarestr
have grain sizes many times greater than the 3ryRd\@ exchange width. For instance, one of the
smallest precipitates found by EBSD, within the,®&l,B 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 microstridttur
precipitates like those observed in Figure 5.7(g) have been shown to reduce grain growth of the magneti
grains during the sintering process [69]. The effects of the Nb-rich precipitates reghednglieation of
reverse domains have not been extensively studied. The larger intragranujpaitidi@s, unlike the Nb-
rich precipitates, have not been reported to imped&&yB grain growth. Their existence should be

considered detrimental to coercivity because they provide sites for reverse domain nucleation.



(b) Nd (c) Fe

(a) N38SH MT GJR
(d) Cu (e) Al

Mo (9) Dy (h) Nb

Figure 5.57 N38SH thermomagnetically treated GJR EBSD area B showing the HRSEM BSE
of the GRJ (a) and the correlating EDS maps (b)-(g) of the same region.

Precipitates that are Nb-rich or atd-oxides are not expected to be affected by the low
temperatures of PSA due to their higher melting points. It is likely that the pasefpiorm during or
prior to sintering, either from the starting ingot and powder production stage, or upon querorhing fr
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 particleosides
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.
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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 fidtd p¥ighious
authors report coercivity enhancements by annealing in a magnetic field, this study found naaubstant
improvements in magnetic properties from magnetic field presence. Microstructuradatpothesized
to be influenced by the magnetic field were nonetheless analyzed. Coercivity increasdolyifiréee
sample (N38) afterthermal treatment regardless of magnetic field presence. Coetingyidiprove
with processing treatments in the Dy-containing sample (N38SH); however, thermal treaniemtced
theBH % although no effects on the Bifrom the magnetic field were observed.

To characterize each magnet and processing treatamesl; microstructural characterization
preparation technique was developed to best analyze the GJRs.This technique utitigecsaation
polisher and significantly reduced risks of oxygen contamination during sample preparation. $he cros
section polishing of samples significantly improved resolution and revealed that the@hHrstd 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. ResubtHRBEM
BSE and EDS analysis (spot and maps) indicated the existence of precipitates fimk-thbinary
systemNd-rich phases, and phases from theF¢d=u ternary system within the GJR.

It was concluded that the Nb-Fe system phases were, [dbgapitates which varied in size, the
larger ones pertaining to GJRs and the smaller ones occurring within the magnetic graitiom tadd
GJRs. The precipitates were well distributed in the microstructure and most likely pyeiargrowth
during sintering [69]. It was found that some GJRs in the N38 and N38SH samples also consisted of the
Nd; ;FeB, phase. Phases identified in the GJR from thd-Bl@u system wereKH 1 G & Xpbage&. 2
NdCu was found in GJR corners and in between plRtésW KH . ZKHKRVFKDVH H[KLELWHG DQ
anisotropic shape, occurring in rectangular plates,%rél( LPDJHV V XJ aktavddremagneiic W 2
phase grains due to consistent contact of one end of the plate with the magnetic grain surfaesgchhe Nd
phases present in the GJR were a high-Z matrix phase which encompassed a lower Z-preeipitate p
Given the identification of N& X D Qhe highAMNd-rich phase was hypothesizéd R & as is
FRQVLVWH QNi- ZNdQV ke Wiahgle in the N&e-Cu phase diagram. EBSD analysis of GJR
confirmed that the high-Z Nd-rich phase wasthe hexagoial phase and that the low-Z Nd-rich

precipitates were fcc NdO
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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 anabisis tieat
the Nd-rich phases haves no preferential orientation with respect to the magnetic phasw ¢neieasy
axis of magnetization in any of the treatment processes. Similarly, it was found that the madghetic f
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 phasesemtatan
relationship was characterized to be (000M||(111)NdQand L12®] .-Nd|[#L0]NdO,. The .-Nd-
NdO orientation relationship is suggested to result from a eutectic reaction at 12#@eb Nd and O,
occurring during the cooling of the magnet from sintering. The eutectic reaction is t&signahe Nd-
O binary phase diagram and is consistent with BSE images of GJRs. Additionally it washuhe t
orientation relationship occurs in all samples and is unaffect&®EBy

Following GJR phase identification and the identification of the Nd-rich phase opentati
relationship, the solidification route of the liquid in the GJR was proposed. The liqupbsibion was
estimated for a typical sintered N&-B magnet, and it was found to coincide with the Nd-rich corner of
the NdFe-Cu liquidus phase diagram. It has been suggestdd¥WW WKH OLTXLGNdb&ote IRUP 2 DQ
reaching the final solidification point wheré\d, 2 and NdCu are expected to form upon cooling through
the ternary eutectic temperature regime. It is also suggested that cooling ratesaféegetiie
solidification of these phases, where slower cooling rates may lead to2vefiare final solidificationbut
faster cooling rates will caus2tio form mostly or only at the end point. The formation2b&fore final
solidification through the eutectic temperature regime has been suggested to result in anobre Cu
composition in the last liquid to solidify, aiding in grain boundary wetting. It is theorizéthiha
improved wetting from Cu-rich compositions reduces the fine scale surface roughness of themagneti
phase grains and aids in coercivity enhancements by preventing nucleation sites for reverse magneti
domains. On the other hand it is suggested that cooling rates which are too slow maylalaahesu
coarseness and heterogeneity of grain boundary phases which would be detrimental to coercivity.

The intergranular phases in the N38 and 883&agnets 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 taacysiimnil
boundary phase characteristics. It is proposed that the PSA for this study may have dénefitte
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 alteresblidification
temperatures in the N38SH magnet, and therefore the solidificatiganof NdCu, resulting in little
change to wetting characteristics of the liquid. It is proposed that wetting chatiastelising PSA are
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highly sensitive tocomposition in addition to cooling rates.Ultimately, it is suggestethéhcoercivity of
NdFeB sintered magnets may be further enhanced by better tailoring PSA temperatures and tesoling ra
for specific magnet compositions, and therefore liquid compositions at PSA, in order to epjiaiiz

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 dhks w
further investigation isrequired. Systematic studies are needed which involve varying catetmgar
the PSA temperature, and characterizing the resulting phase volume fractions in the Giieasizxdal
analysis of GJRs using cross-sections and BSE imaging is warranted to more accuiratgly ssth
phase volumd UDFWLRQV SDUWLFXODUO\ IRU SKDVHAdzibnNelK, DQLVRWURS
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 tinebgnandary

phases with the varied cooling rates.
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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.

(c) Nd (d) Fe
(a)N38 AR GJR
(e) Cu (f Al
(b) (@0 (h) Nb

Figure A.1 N38 as-received GJR showing the (a) HRSEM BSE image of the GJR, the corres
(b) EBSD phase map and (c)-(h) EDS maps of the same region. In (b) the red phe
FRUUHYV S RQdavid Zhe \@f&en. with NgOThe phase maps were superimposel
with the grayscale of the IQ maps in order to discern between precipitates. The re
in (a) indicates the EBSD phase map area of (b).
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Figure A.2

(c) Nd (d) Fe

(a)N38 AR GJR

(e) Cu (f) Al

(b) (9O (h) Nb

N38 as-received GJR showing the (a) HRSEM BSE image of the GJR, the corres|
(b) EBSD phase map and (c)-(h) EDS maps of the same region. In (b) the red phe
FR UUH YV S RQdavid Zhe Yt e&en. with NdOThe phase maps were superimposel
with the grayscale of the IQ maps in order to discern between precipitates. The re
in (a) indicates the EBSD phase map area of (b).
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Figure A.3

(c) Nd (d) Fe

(2)N38 HT GJR

(e) Cu () Al

(99O (h) Nb
(b)
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
UHG SKDVH FRUWH a8 REQgEEN withgOT he phase maps were
superimposed with the grayscale of the IQ maps in order to discern between prec
The red square in (a) indicates the EBSD phase map area of (b).
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Figure A.4

(c) Nd (d) Fe

(a)N38 HT GJR

(e)Cu (f) Al

C)Re; (h) Nb

(b)
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
UHG SKDVH FRUWH a8 R&QgEen @ithiNgOT he phase maps were
superimposed with the grayscale of the IQ maps in order to discern between prec
The red square in (a) indicates the EBSD phase map area of (b).

124



Figure A.5

(c) Nd (d) Fe

(a)N38 HT GJR

(e) Cu () Al

(@0 (h) Nb

(b)
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
UHG SKDVH FRUWH a8 REQgEEN withEOT he phase maps were
superimposed with the grayscale of the IQ maps in order to discern between prec
The red square in (a) indicates the EBSD phase map area of (b).

12¢



(c) Nd (d) Fe

(a)N38 MT GJR

(e) Cu () Al

(b) (9O (h) Nb

Figure A.6 N38 thermomagnetically-treated GJR showing the (a) HRSEM BSE image of the t
the corresponding (b) EBSD phase map and (c)-(h) EDS maps of the same regior
WKH UHG SKDVH FRddndthesgRenGvith KIdAWHE phase maps were
superimposed with the grayscale of the IQ maps in order to discern between prec
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.

(c) Nd (d) Fe
(a) N38SH AR GJR
(e) Cu f Al
(9 O (h) Dy

(b)
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
UHG SKDVH FRUWH a8 RQgEEn @ithiNgOT he phase maps were
superimposed with the grayscale of the IQ maps in order to discern between prec
The red square in (a) indicates the EBSD phase map area of (b).



(c) Nd (d) Fe

(a) N38SH AR GJR

(e) Cu () Al

(b) (9O (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
UHG SKDVH FRUWH a8 REQgEEN withgOT he phase maps were
superimposed with the grayscale of the IQ maps in order to discern between prec
The red square in (a) indicates the EBSD phase map area of (b).

12¢



(c) Nd (d) Fe

Figure B.9

(a) N38SH AR GJR

(e) Cu () Al

o h) D
(b) (9) (h) Dy
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
red phase- R U U HV S R-Qdzavid Zhe \gréen. with NgOThe phase maps were
superimposed with the grayscale of the IQ maps in order to discern between prec
The red square in (a) indicates the EBSD phase map area of (b).



Figure B.10

(c) Nd (d) Fe

(a) N38SH AR GJR

(e) Cu (f) Al

(9) O (h) Dy
(b)
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
UHG SKDVH FRUWH a8 REQgEEN withEOT he phase maps were
superimposed with the grayscale of the IQ maps in order to discern between prec
The red square in (a) indicates the EBSD phase map area of (b).
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(a) N38SH HT GJR (b) (c)Nb

(d) Nd (e) Fe (f) Cu

(9) Al (ho (i) Dy

Figure B.11 N38SH thermally-treated GJR showing the (a) HRSEM BSE image of the GJR, th
corresponding (b) EBSD phase map and (c)-(i) EDS maps of the same region. In
UHG SKDVH FRUWH a8 RQgEen @ithviNEOT he phase maps were
superimposed with the grayscale of the IQ maps in order to discern between prec
The red square in (a) indicates the EBSD phase map area of (b).

131



(a) N38SH HT EBSD area C (b) (c)Nb

(d) Nd (e) Fe (f) Cu

(9) Al (h) O (i) Dy

Figure B.12 N38SH thermally-treated GJR showing the (a) HRSEM BSE image of the GJR, th
corresponding (b) EBSD phase map and (c)-(i) EDS maps of the same region. In
UHG SKDVH FRUWH a8 RQgEen @ithiNgOT he phase maps were
superimposed with the grayscale of the IQ maps in order to discern between prec
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
(9) Al (ho (i) Dy

N38SH thermomagnetically-treated GJR showing the (a) HRSEM BSE image of tl
GJR, the corresponding (b) EBSD phase map and (c)-(i) EDS maps of the same r
,Q E WKH UHG SKDYV KNdaRdtheHke S RW@GNGOFHe \phidse maps
were superimposed with the grayscale of the IQ maps in order to discern betweer

precipitates. The red square in (a) indicates the EBSD phase map area of (b).

Figure B.13
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(a) N38SH MT GJR (b) (c) Nb
(d)Nd (e) Fe (f) Cu
(9) Al (h) O (i) Dy

N38SH thermomagnetically-treated GJR showing the (a) HRSEM BSE image of tl
GJR, the corresponding (b) EBSD phase map and (c)-(i) EDS maps of the same r
,Q E WKH UHG SKDYV HENdaRdtheHeSRW@NANGOLHe \phidse maps
were superimposed with the grayscale of the IQ maps in order to discern betweer

precipitates. The red square in (a) indicates the EBSD phase map area of (b).

Figure B.14

134



(a) N38SH MT EBSD area C (b) (c)Nb
(d) Nd (e)Fe (f) Cu
(9) Al (h) O (i) Dy

N38SH thermomagnetically treated GJR showing the (a) HRSEM BSE image of ti
GJR, the corresponding (b) EBSD phase map and (c)-(i) EDS maps of the same r
,Q E WKH UHG SKDYV HENdaRdtheHéSRW@NANGOLHe \phidse maps
were superimposed with the grayscale of the IQ maps in order to discern betweer

precipitates. The red square in (a) indicates the EBSD phase map area of (b).

Figure B.15

13¢



N38SH MT GJR (b) (c) Nb
(d)Nd (e) Fe (f) Cu
(9) Al (h)O (i) Dy

N38SH thermomagnetically treated GJR showing the (a) HRSEM BSE image of il
GJR, the corresponding (b) EBSD phase map and (c)-(i) EDS maps of the same r
,Q E WKH UHG SKDYV KNdaRdtheHke &S RW@O\NGOZHe \phdse maps
were superimposed with the grayscale of the 1Q maps in order to discern between

precipitates. The red square in (a) indicates the EBSD phase map area of (b).

Figure B.16
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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 typicaRs@® sintered magnet and which phases are

assumed to form prior to PSA, which were identified in the microstructure of the magnetstundhis s

T Typical nominal composition of NBe-B sintered magneEe;s-Nd,,-Dy;1-B1-Cug 1wit.%
+ Assumption: Typical Nb additions 0.8wt%
T FesarNdy-Dyi11-B1-Cuyg -Nbg gwt%
1 FersrNdig+DyseBsClp 1-Nbg s at%
I Feg-RE;5:Bs-Cuy1-Nby g at%, RE= Rare Earth
¥ Bulk Magnet Compositions
t+ FersrRE;s0BerClo1-Nbg g at%
1 ~92% magnetic phasREFe ;B
+ REFe,B: 82.3% Fe, 11.5% RE, and 5.9% B
T Fe:78.1-0.92(82.3)=2.4
t RE:15.0-0.92(11.5)=4.4
t B:6.2-0.92(5.9)=0.8
t NbFe phase
+ Assumption: Nb reacts with Fe to completion
T Fe:2.4+0.6(2)=1.2
¥ Nb:0.6-06=0
t Nd,.FeB,;phase
+ Assumption: B reacts to completion
Nd, .FeB,: 44% B, 44% Fe, and 12% Nd
t Fe:1.2-08=04
1 RE: 4.4+(0.12*1.82) = 4.2/(0.8/0.44 = 1.82 %vol of NdFeB,in magnet)
t B:0.8-0.8=0.0
T Composition after REe 4B, NbFe, and Nd ;Fe,B,considerations

I+

+ Assumption: O is introduced during sintering process, forming some amount of NdO
T Fe&+RE;-Cuy 1+ Oxygen
1 Fe&4REsysxClp1-Oy
¥ Fe:Curatio ~4:1



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 (A) c(A)
Nd,Fe B P42/mnm (136) Nd,Fe B 8.804 12.205
-Nd P63/mmc (194) La 3.553 11.515
Nd,Os-hcp P-3m1 (164) La,Os 3.831 5.999
Nd,Os-cubic la-3 (206) MnFeQ, 11.36
NdO Fm-3m (225) NacCl 4.994 ---
NdO, Fm-3m (225) Cak 5.542 ---

13¢



