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Abstract 

Permanent magnets are materials that generate a magnetic field in free space without 
electricity or other external energy sources. They are essential components of modern 
technologies, used in many electrical devices. Nowadays, they are included in technology 
for renewable sources of energy, such as electrical vehicles, generators and wind turbines. 

For such applications, Nd-Fe-B magnets are the most suitable choice due to their high 
energy product (BH)max. The largest (BH)max value above 400 kJ/m3 was reported for high-
performance anisotropic Nd-Fe-B magnets. However, the coercivity at room temperature 
and its thermal stability is still a weak point of Nd-Fe-B magnets. To withstand high 
temperatures and demagnetization fields during the operation of a motor, the coercivity at 
room temperature must be improved. Adding heavy rare earths (HREs) such as Dy and/or 
Tb results in the formation of a high-anisotropy phase (HRE, Nd)2Fe14B that leads to 
enhanced coercivity. The drawbacks of using HREs are reduced saturation magnetization, 
high price and risk of supply, since they are predominantly mined in China. Therefore, 
high-performance Nd-Fe-B magnets with a reduced amount of HREs or even without HREs 
needs to be considered. 

In this thesis four different topics are introduced with one common denominator – melt-
spun Nd-Fe-B ribbons. The first topic relates to a first-author paper entitled “Magnetic 
properties and microstructure evolution of hot-deformed Nd-Fe-B magnets produced by 
low-pressure spark-plasma sintering”. In this work the hot-deformed Nd-Fe-B magnets are 
produced from commercial Nd-Fe-B ribbons. The spark-plasma-sintering technique is used 
as it enables a deformation process under low pressures at 40 MPa. The initial stages of 
the hot-deformed process are investigated by means of microstructural observations and 
magnetic measurements. Hot-deformed magnets with different deformation ratios are 
produced and their remanence dependence on the deformation ratios was investigated. In 
the initial stages of the hot-deformation process, the cone-like shape of the magnet is 
observed for the first time. In addition, at different regions of a cone-like hot-deformed 
magnet, various degrees of alignment of both the ribbons and the grains are detected. The 
experimental data are qualitatively interpreted in the frame of a simple Stoner-Wohlfarth 
model, which reveals reasonable magnetic properties while applying a low pressure. 

In the second topic a newly developed, economically efficient method for processing 
rare-earth Nd-Fe-B magnets based on spark plasma sintering is presented in a first-author 
paper entitled “Toward Low-Energy Spark-Plasma Sintering of Hot-Deformed Nd-Fe-B 
magnets”. This technique makes it possible to retain the technologically essential properties 
of the magnet by consuming about 30% of the energy, compared to the conventional spark-
plasma-sintering process. A magnet with an anisotropic microstructure is fabricated from 
MQU-F commercial ribbons with a low energy consumption during the deformation process 
and compared to the conventionally prepared hot-deformed magnet, which consumed 3-
times more energy. Both magnets are post-annealed at 650 °C for 120 min in a vacuum. 
After the post-annealing process, the low-energy processing (LEP) hot-deformed magnet 
shows a coercivity of 1327 kAm-1 and remanent magnetization of 1.27 T. In comparison, 
the high-energy processing (HEP) hot-deformed magnet had a coercivity of 1337 kAm-1 
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and a remanent magnetization of 1.31 T. A complete microstructural characterization and 
detailed statistical analyses reveal a better texture orientation for the HEP hot-deformed 
magnet processed with a higher energy consumption, which is the main reason for the 
difference in the remanent magnetization between the two hot-deformed magnets. The 
results show that although the LEP hot-deformed magnet was processed with three times 
less energy being consumed than in a typical hot-deformation process, it still has only an 
8% lower maximum energy product. 

The third topic relates to a third first-author paper entitled “Significant coercivity 
enhancement of hot-deformed bulk magnets by two-step diffusion process using a minimal 
amount of Dy”, where a two-step grain-boundary-diffusion process is implemented on a 
hot-deformed Nd-Fe-B magnet with the addition of a minimal amount of Dy. The 
coercivity of a 5.6-mm-thick Nd-Fe-B hot-deformed magnet was increased from 1.13 T to 
2.5 T while maintaining a large remanent magnetization of 1.32 T using Nd50Dy30Cu20 and 
Nd80Cu20 alloys for the first and second steps of the diffusion process, respectively. Only 
0.45 wt.% of Dy was used in the high-coercivity bulk magnet which is only ≈10 % of that 
used in the conventional Dy-alloyed sintered magnets with a comparable coercivity. In 
addition to the high room-temperature value of coercivity, an excellent temperature 
coefficient of coercivity of –0.41 %/oC was realized in the final diffusion-processed hot-
deformed magnet. Consequently, this work paves a way towards the development of bulk 
high-coercivity Dy-lean Nd-Fe-B magnets. 

Last, but not least, the fourth topic presents an invention that relates to the 
improvement of the coercivity of a commercial magnetic melt-spun Nd-Fe-B ribbons with 
a small intergranular phase fraction and a process for the production of polymer-bonded 
magnets by the diffusion of a low-temperature eutectic alloy (Nd-Cu). The coercivity of 
the commercial Nd-Fe-B powder is not satisfactory for certain applications, while 
commercial powders for the fabrication of polymer-bonded magnets with high coercivity 
are significantly more expensive due to the added HRE. This invention presented the 
improvement of the magnetic properties (coercivity) of economically more favourable melt-
spun Nd-Fe-B ribbons with a very small proportion of intergranular phase. The solution 
for coercivity enhancement was the diffusion of low-temperature-eutectic alloy (Nd-Cu), 
which resulted in a 15 % coercivity improvement of the final polymer-bonded magnet 
compared to that prepared from standard, low-cost, magnetic, melt-spun Nd-Fe-B ribbons. 
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Povzetek 

Trajni magneti so materiali, ki ustvarjajo magnetno polje brez vira električne ali drugih 
oblik energije in so ključni sestavni element sodobnih električnih napravah. Danes so 
vključeni predvsem v obnovljivo tehnologijo, kot so električna vozila in generatorji za 
vetrne turbine. 

Za zgoraj navedene aplikacije so magneti Nd-Fe-B najprimernejša izbira zaradi njihovih 
visokih vrednosti maksimalnih energijskih produktov (BH)max. O največji vrednosti (BH)max, 
več kot 400 kJ/m3, so poročali pri visoko zmogljivih anizotropnih magnetih Nd-Fe-B. 
Največja pomanjkljivost teh magnetov sta nizka vrednost koercitivnosti pri sobni 
temperaturi in njena temperaturna stabilnost. Da bi bila vrednost koercitivnosti 
zadovoljiva pri povišanih temperaturah in visokih razmagnetilnih poljih med delovanjem 
motorja, je potrebno izboljšati njeno vrednost pri sobni temperaturi. Ena od možnosti je 
dodatek težkih redkih zemelj (HRE), kot sta Dy ali/in Tb, kar povzroči nastanek visoko 
anizotropne faze (HRE, Nd)2Fe14B, katere rezultat je povišana koercitivnost. Kljub izdatno 
povišani koercitivnosti, so pomanjkljivosti uporabe HRE zmanjšana vrednost magnetnega 
nasičenja, visoka cena in tvegana dobava, saj le te pretežno rudarijo na Kitajskem. Zato je 
potrebno razmišljati o procesiranju visokozmogljivih magnetov Nd-Fe-B z zmanjšano 
vsebnostjo težkih redkih zemelj ali celo brez dodatka težkih redkih zemelj. 

V tej disertaciji so predstavljene štiri različne tematike s skupnim imenovalcem – ultra-
hitro kaljeni magnetni trakci Nd-Fe-B. Prva tematika predstavlja članek s prvim 
avtorstvom z naslovom "Magnetic properties and microstructure evolution of hot-deformed 
Nd-Fe-B magnets produced by low-pressure spark-plasma sintering ". V tem članku so 
vroče deformirani magneti Nd-Fe-B pripravljeni iz komercialnih ultra-hitro kaljenih trakcev 
Nd-Fe-B. Uporabljena je metoda sintranja s sunkovnim tokom (SPS), ki omogoča izvajanje 
procesa deformacije pri nizkih tlakih (40 MPa). Začetne faze vroče deformiranega procesa 
so bile raziskane s pomočjo mikrostrukturnih opazovanj in magnetnih meritev. Vroče 
deformirani magneti so bili proizvedeni z različnimi deformacijskimi razmerji. Na ta način 
je bila raziskana odvisnost vrednosti remanence od deformacijskega razmerja. V začetnih 
fazah procesa vroče deformacije je bila opazna stožčasta oblika magneta. Poleg tega se v 
različnih regijah mikrostrukture takšnega magneta pojavijo različne stopnje poravnave tako 
trakcev kot zrn. Pridobljeni eksperimentalni podatki so bili interpretirani v okviru 
preprostega modela Stoner-Wohlfarth, ki razkriva dobre magnetne lastnosti pri uporabi 
nizkega tlaka. 

V drugi tematiki je predstavljena na novo razvita ekonomsko učinkovita metoda za 
obdelavo magnetov redkih zemlj, Nd-Fe-B, ki temelji na sintranju s sunkovnim tokom in 
je predstavljena v članku z naslovom "Toward Low-Energy Spark-Plasma Sintering of Hot-
Deformed Nd-Fe-B magnets". Ta tehnika omogoča ohranitev tehnološko bistvenih lastnosti 
proizvedenega magneta kljub temu, da se ob tem porabi približno 30% energije v primerjavi 
s klasičnim postopkom sintranja s sunkovnim tokom. Magnet z anizotropno mikrostrukturo 
je bil izdelan iz komercialnih trakov MQU-F z nizko porabo energije med procesom 
deformacije v primerjavi s konvencionalno pripravljenim vroče deformiranim magnetom, 
kjer se porabi trikrat več energije. Oba magneta sta bila naknadno termično obdelana pri 
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650 °C 120 minut v vakuumu. Po termični obdelavi je deformiran magnet pripravljen z 
nizko energijskim procesiranjem (LEP) izkazal koercitivnost 1327 kAm-1 (1.66 T) in 
remanentno magnetizacijo 1,27 T medtem, ko je magnet pripravljen z visoko energijskim 
procesiranjem (HEP) izkazal koercitivnost 1337 kAm-1 (1.67 T) in remanentno 
magnetizacijo 1,31 T. Celokupna mikrostrukturna karakterizacija in detajlna statistična 
analiza razkrivajo boljšo teksturo zrn vroče deformiranega magneta, procesiranega z večjo 
porabo energije, kar je glavni razlog za razliko v vrednosti remanentne magnetizacije med 
obema vroče deformiranima magnetoma. Rezultati kažejo, da čeprav je bil LEP vroče 
deformiran magnet procesiran s trikrat nižjo porabo energije, kot v konvencionalnem 
procesu vroče deformacije, ima še vedno le 8% nižjo vrednost maksimalnega energijskega 
produkta. 

Tretja tematika predstavlja tretji članek s prvim avtorstvom z naslovom “Significant 
coercivity enhancement of hot-deformed bulk magnets by two-step diffusion process using 
a minimal amount of Dy”, kjer se je izvajal dvostopenjski proces difuzije po mejah med 
zrni na vroče deformiranemu magnetu Nd-Fe-B z dodatkom minimalne količine Dy. 
Vrednost koercitivnosti vroče deformiranega magneta Nd-Fe-B debeline 5,6 mm debelega 
magneta se je zvišala z 1,13 T na 2,5 T, hkrati pa ohranila visoko remanentno magnetizacijo 
1,32 T z uporabo zlitin Nd50Dy30Cu20 in Nd80Cu20 za prvi in drugi korak difuzijskega procesa. 
Le 0,45 m.% Dy je bilo porabljenega pri procesu difuzije v vroče deformiranemu magnetu, 
kar je le ≈10 % delež Dy, ki se porabi v običajnih sintranih magnetih Nd-Fe-B z dodanim 
Dy, s primerljivo vrednostjo koercitivnosti. Poleg visoke vrednosti koercitivnosti pri sobni 
temperaturi, končen difuzijsko procesiran vroče deformiranem magnet poseduje tudi odličen 
temperaturni koeficient koercitivnosti –0,41 %/°C. Posledično to delo utira pot k razvoju 
magnetov Nd-Fe-B z nizko vsebnostjo Dy in z visoko vrednostjo koercitivnosti. 

Zadnji del te disertacije predstavlja izum, ki se nanaša na izboljšanje koercitivnosti 
komercialnih ultra-hitro kaljenih magnetnih trakcev Nd-Fe-B z majhnim deležem 
intergranularne faze in na postopek za proizvodnjo polimerno vezanih magnetov z difuzijo 
nizkotemperaturne evtektične zlitine (Nd-Cu). Koercitivnost komercialnih trakcev Nd-Fe-
B za določene aplikacije ni zadovoljiva, medtem ko so komercialni magnetni trakci za 
izdelavo polimerno vezanih magnetov z visoko koercitvnostjo, zaradi dodatka težkih redkih 
zemelj, bistveno dražji. Ta izum predstavlja izboljšanje magnetnih lastnosti (koercitivnosti) 
ekonomsko ugodnejših ultra-hitro kaljenih magnetnih trakcev Nd-Fe-B, z majhnim deležem 
intergranularne faze. Rešitev za povečanje koercivnosti je difuzija nizkotemperaturne 
evtektične zlitine (Nd-Cu), ki pripomore k 15 % izboljšanju vrednosti koercitivnosti 
končnega polimerno vezanega magneta v primerjavi z magnetom, ki je pripravljen iz 
standardnih nizkocenovnih magnetnih trakcev Nd-Fe-B. 
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Chapter 1 

1 Introduction 

1.1 Development of Permanent Magnets 
Permanent magnets are materials that preserve their properties after being exposed to an 
external magnetic field. They are able to produce a strong magnetic field without applying 
an electric current and exhibit a strong net magnetization [1]. The first application of a 
permanent magnet was as the needle in the compass. Today, they are essential components 
in everyday applications, such as energy conversion, transportation, and many others. 

Permanent magnets are some of the earliest functional materials, already known in 
ancient times. The first discovered natural permanent magnet was a lodestone, composed 
mainly of magnetite [2]. In the late 1500s, Sir William Gilbert first reported on the magnetic 
properties of ferrous materials and explained how steel and iron can be magnetized by 
lodestones [3]. The discovery of the electromagnet in 1825 by André-Marie Ampére was a 
milestone event for the beginning of the industrial revolution. Combined with Maxwell’s 
equations, the linking of mechanical work to electromagnetism was introduced. By the end 
of the 1800s, the magnetic properties and requirements to operate of electric motors and 
generators were already well known [4]–[6]. 

Magnetic materials started to develop more rapidly in the 20th Century. 
Figure 1.1 shows the development of permanent magnets in the last 100 years and the 

progress of their maximum energy product (BH)max, which defines the maximum amount 
of energy stored in a magnet [7]. At the beginning of the century, a cobalt-steel magnet 
with almost double the coercivity compared to previous magnets was used for the first time 
in Japan [8]. From this type of magnets, a family of iron-aluminum-nickel-cobalt alloy 
magnets, also called Alnico, was developed by Mishima in Japan [8]. This type of magnet 
has a small temperature dependence of magnetic properties due to a high Curie temperature 
and maximum energy product above 80 kJ/m3 [8], [9]. At one point, the Alnicos were the 
most widely used permanent magnet materials, until they were largely replaced by newly 
developed permanent magnets, i.e. ferrites. 

In 1952, the Phillips company from the Netherlands introduced to the market a new 
type of permanent magnets – ferrites. These magnets are divided into two groups – soft 
and hard ferrites. Soft ferrites with general composition MOFe2O3 where M stands for Mg, 
Ni, Mn, Zn have a cubic crystal structure and Curie points ranging from 300 to 600 °C. 
Hard ferrites also called hexaferrites with general chemical composition MO6Fe2O3, where 
M stands for Ba, Sr, or Ca have a hexagonal crystal structure, a large uniaxial crystal 
anisotropy and a Curie temperature of 450 °C [8]. The ferrites can have a maximum energy 
product above 40 kJ/m3 [10]. 
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Figure 1.1: Development of permanent magnets [7]. 

In the late 1960s, the first rare-earth permanent magnet composed from the rare-earth 
element samarium (Sm) and transition-metal element cobalt (Co) was developed, based on 
the research on the anisotropy of the YCo5 magnet by K.J. Strnat at U.S. Air Force 
Materials Laboratory at Wright-Patterson Air Force Base [11]. This SmCo5 compound was 
the first high-performance permanent magnet with a hexagonal CaCu5-type crystal 
structure (Figure 1.2: ) and an anisotropy constant of 7.7x106 J/m3. Besides, the magnet 
possessed a large magnetocrystalline anisotropy (µ0HA) of 28 T, a high Curie temperature 
(Tc) of 720 °C, saturation magnetization (Ms) of 1.14 T and a maximum energy product 
(BH)max above 160 kJ/m3 ( 

Figure 1.1). Today, the sintered SmCo5 magnet can have a coercivity up to 1900 kA/m 
(2.4 T) and a 0.9 T remanence. [8], [12]. 

 

Figure 1.2: Hexagonal crystal structure of SmCo5 compound [13]. 

Typically, to fully magnetize the permanent magnets an external magnetic field several 
times higher than the coercive field is required. But, SmCo5 magnets have an unusual 
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advantage where they can be initially magnetized by an external field that is smaller than 
the intrinsic coercive field of the magnet. This behaviour of easy magnetization is explained 
by domain walls, which move easily in an applied field. Consequently, it means that Ms 
can be achieved in relatively low applied fields. On the other hand, this type of magnet is 
difficult to demagnetize due to a strong barrier to nucleation. Therefore, the SmCo5 type 
magnet has a nucleation-controlled type of coercivity [8], [14]. 

The development of rare-earth permanent magnets continued and in 1972 a Sm2Co17 

compound was introduced [15]. This magnetic material comes from a family of a new rare-
earth-based intermetallic compounds RE2(TM)17, which have either hexagonal (Th2Ni17) or 
rhombohedral (Th2Zn17) crystal structure shown in Figure 1.3. The first structure type is 
typical for heavy rare earths, meanwhile the second type is typical for light rare earths. 
The stoichiometry of the Sm2Co17 compound is closely related to the CaCu5 structure 
because this phase consists of CaCu5-like subcells and differs only in the stacking of these 
subcells [16]. Despite a close relation with the SmCo5 structure, the Sm2Co17 compound 
possesses higher magnetization per unit weight due to higher transition-metal 
concentration. The Curie temperatures, between 600 °C and 940 °C, are even higher than 
for SmCo5, which makes this type of magnet appropriate for usage in high-temperature 
applications [15], [17]. First, Sm2Co17 magnets exhibited coercivity of 800 kA/m (1 T) and 
a maximum energy product of 260 kJ/m3. Today these values are much higher - the 
coercivity above 2000 kA/m (2.5 T), maximum energy product above 250 kJ/m3, and 
remanence up to 1.1 T [7], [18]. The high coercivity is a result of domain-wall pinning, 
which means that the Sm2Co17-type magnet has a pinning-controlled coercivity. 

 

Figure 1.3: Rhombohedral (a) and hexagonal (b) crystal structure of Sm2Co17 compound 
[13]. 

The Sm2(Co,Fe,Cu,TM)17 compound was the final development stage of Sm-Co magnets 
[19]. However, the economic crises in the 1970s and problems with cobalt supply forced the 
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research groups to invent a new type of rare-earth permanent magnets. They needed to 
find an appropriate replacement for samarium-cobalt magnets that were suitable for high-
temperature applications. The research was focused on rare-earth transition-metals 
permanent magnets, produced from less-expensive constituents. Several attempts were 
made to develop rare-earth(RE)-iron permanent magnets with coercivities comparable to 
these of Sm-Co magnets [8], [19]. The first experiments were performed in the 1970s by 
Clark and Rhyne [20], [21]. They prepared (Tb,Dy,Sm,Gd,Y)Fe2 compounds by melt-
spinning technique. The amorphous TbFe2 melt-spun ribbons were annealed to provide the 
crystalline microstructure with a high coercivity of 270 kA/m (0.34 T) [20]. Between 1980 
and 1982, Croat et al. successfully prepared (Pr,Nd)-Fe melt-spun ribbons with a coercivity 
up to 690 kA/m (0.87 T) [22]–[25]. At the same time, Das and Koon et al. reported on the 
development of La0.05Tb0.05Fe0.74B0.16 alloys where the coercivity reached 700 kA/m (0.88 T) 
after crystallization at 630 °C [26], [27]. In 1983 and 1984 Hadjipanayis et al. studied 
different rare-earth-iron-metalloid systems and obtained a coercivity of 1200 kA/m (1.51 
T), a maximum energy product of more than 100 kJ/m3 in melt-spun Pr0.16Fe0.76Si0.03B0.05 
compound after an annealing process [28], [29]. In 1984 the Nd2Fe14B phase was developed 
independently by Croat et al. in General Motors Research Laboratories and Sagawa et al. 
from Sumitomo Special Metals Corporation. Those two companies followed different routes 
to successfully process a new family of rare earth permanent magnets and filed a series of 
patents of which the conditions are complex. Croat et al. reported on high-coercivity (~1600 
kA/m (2 T)) melt-spun Nd0.135(Fe0.945B0.055)0.865 ribbons with maximum energy product of 
110 kJ/m3 [30], [31]. Meanwhile, Sagawa et al. produced a Nd0.15Fe0.77B0.08 magnet by the 
traditional sintering process method used for Sm-Co magnets. They prepared an ingot with 
composition Nd0.15Fe0.77B0.08 by induction melting. The ingot was crushed in a nitrogen 
atmosphere and milled to the particle size of approximately 3 µm. The particles were 
aligned in a magnetic field and pressed perpendicularly to the aligned direction. Such green 
compacts were sintered at 1080 °C for 1 h and post-sintered at 630 °C for 1 h. The magnet 
possessed a coercivity of 960 kA/m (1.2 T) and a maximum energy product of 290 kJ/m3 
[32]. 

The origin of the best magnetic properties of Nd-Fe-B magnets among permanent 
magnets is in the Nd2Fe14B hard magnetic matrix phase with a body-centred tetragonal 
crystallographic structure and P42/mnm space group, which is closely related to the 
hexagonal CaCu5-type crystal structure [33]. This compound has uniaxial 
magnetocrystalline anisotropy with the easy direction of magnetization along the c-axis 
[32], [33]. There a four Nd2Fe14B units with 68 atoms per unit cell are arranged in two 
crystallographically inequivalent Nd sites, six inequivalent Fe sites and one B site (Figure 
1.4) [31], [34], [35].  

Today, the Nd-Fe-B permanent magnets have a maximum energy product above 400 
kJ/m3 ( 

Figure 1.1), meanwhile the typical coercivity retains 960 kA/m (1.2 T), which is only 
~ 15 % of the theoretical magnetocrystalline anisotropy of Nd2Fe14B phase (µ0HA ~7.5 T) 
[36], [37]. Although the maximum energy product getting close to the theoretical value 
(512 kJ/m3 [32], [38]) of Nd2Fe14B phase, the coercivity as a most important extrinsic 
magnetic property is still far away from the theoretical limit, which means that here is still 
a lot of room for improvement [39]. 
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Figure 1.4: Tetragonal crystal structure of Nd2Fe14B compound [34]. 

1.2 Magnetism Fundamentals 
Magnetization (M) is a property of a material that depends on the individual magnetic 
moments of its magnetic origins. It originates in the spin and orbital magnetic moments of 
the electrons in the atoms and represents the sum of magnetic moments per unit of volume 
on the atomic scale [40]. 

Two different modes of electron motion impact the magnetic moment - orbital and spin 
motion. The orbital motion of the electron around the nucleus can be naively interpreted 
as the circulation of a charge and looks similar to the current in a wire loop without 
resistance. The magnetic moment of an electron circulating around the nucleus is therefore 
defined with the following Eq. (1.1) [41]–[43]: 

𝜇 = (𝑎𝑟𝑒𝑎 𝑜𝑓 𝑙𝑜𝑜𝑝) ∙ (𝑐𝑢𝑟𝑟𝑒𝑛𝑡)  (1.1) 

where the area of the loop is defined as πr2 and r is the atomic radius. To provide the 
value of µ, the electron velocity and shape and size of the orbit must be determined. In the 
Bohr theory of the atom, the electron moves in a circular orbit of radius r with the velocity 
v. The charge carried by an electron is e, which means that current is then defined as 
ev/2πr. Therefore [41]–[43]: 

𝜇(𝑜𝑟𝑏𝑖𝑡) =
௘௩௥

ଶ
     (1.2) 

The theory has an additional postulate where the angular momentum of the electron is 
defined as an integral multiple of h/2π, where ħ stand for Planck’s constant. Consequently 
[41]–[43]: 

𝑚𝑣𝑟 = 𝑛
௛

ଶగ
     (1.3) 
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where n is the orbital quantum number, and m is the mass of an electron. The 
combination of Eq. (1.2) and Eq. (1.3), gives the following equation [41]–[43]: 

𝜇(𝑜𝑟𝑏𝑖𝑡) =
௘௛

ସగ௠
    (1.4) 

where the magnetic moment is in the first Bohr orbit (n = 1) [8]. The magnetic moment 
contributed by the spin was firstly proposed by Uhlenbeck and Goudsmit in 1925 [44]. 
They claimed the electron possesses an intrinsic angular momentum, assign as spin, which 
contributes to an increase of magnetic moment in electron. Using Eq. (1.4), where e = 1.60 
· 10-19 C, h = 6.62 · 10-34 Js, and m = 9.11 · 10-31 kg, the value magnetic moment due to 
spin is following [41]–[43]: 

𝜇(𝑠𝑝𝑖𝑛) = 9.27 ∙ 10ିଶ 𝐴𝑚ଶ = 𝜇஻  (1.5) 

Due to the equal equations for the calculation of magnetic moments due to spin and 
orbit, the value of both magnetic moments is equal in the first Bohr orbit. This value of 
the magnetic moment is an important quantity in magnetism, that is why this amount of 
magnetic moment was provided by an exclusive symbol µB with an appropriate name – 
Bohr magneton [41]–[43]. 

Each electron in an atom has its own magnetic moment, and the sum of all electronic 
moments is the magnetic moment of the atom, which gives two different possibilities: 

1. The atom has no net magnetic moment if the magnetic moments of electrons are 
orientated in a direction to cancel one another out. The material with no net 
magnetic moment is called diamagnetic. 

2. The atom has not net magnetic moment equal to zero, also called a magnetic atom, 
if the magnetic moments of electrons only partially cancel each other out. The 
materials with net magnetic moments are ferro-, antiferro-, ferri- or paramagnetic 
[40], [42], [43]. 

 
 
 
When the magnetic material is exposed to an external magnetic field, H, its response is 

called the magnetic induction or magnetic flux density, B, which is defined in the following 
equation (Eq. (1.6)) [45], [46]: 

𝐵 =  𝜇଴(𝑀 + 𝐻)    (1.6) 

where µ0 is permeability in free space. The SI unit of magnetic induction or flux density 
is T and the unit of the magnetization and external field is A/m. The flux density is in 
general different inside from that of the outside of the material. Based on the difference of 
the material’s internal and external flux density, the classification of magnetic material can 
be made. If the flux density outside of the material is higher than inside, the material is 
called diamagnetic. The atoms or ions of this material have zero magnetic dipole moment. 
Bi and He are examples of diamagnetic material. The paramagnetic (Al, Na) or 
antiferromagnetic (FeO, MnO) material has a slightly higher density flux inside the 
material than outside. These two materials have atoms or ions with a magnetic dipole 
moment. In antiferromagnetic material, the dipole moments are oriented antiparallel 
meanwhile in paramagnetic material the dipole moments are randomly orientated. The last 
option is ferromagnetic or ferrimagnetic material where the flux density outside of the 
material is much lower than inside. The magnetic moments in this material is manage to 
line up in the same direction. The magnetic dipoles align parallel like in the case of an 
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antiferromagnetic material, however, some of the moments are larger than others which 
means that the overall magnetic dipole moment is not equal to zero. The schematic shows 
ordering of the magnetic dipoles in different types of magnetic materials in Figure 1.5 [45]. 

 

Figure 1.5: Magnetic dipoles ordering in different types of magnetic materials [45]. 

1.2.1 Susceptibility and permeability 
The magnetic material is not defined by the magnetic induction or magnetization property, 
but also by properties on which these two quantities vary with the applied field. One of 
these properties is susceptibility (χ) that describes the responsiveness of the material to an 
applied magnetic field. It is defined as the quotient between magnetization and applied 
field (Eq. (1.7)) [45], [47]: 

𝜒 =  
ெ

ு
     (1.7) 

Another important property is permeability which is defined as the quotient between 
flux density and applied field and indicates how permeable is the material to the magnetic 
field (Eq. (1.8)) [45]: 

𝜇 =  
஻

ு
     (1.8) 

In the SI units, the permeability is in henry/m unit, meanwhile, susceptibility is 
dimensionless. The relationship between these two properties describes the following Eq. 
(1.9) [45]: 

ఓ

ఓబ
= 1 +  𝜒    (1.9) 
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where µ0 is the permeability in a vacuum. 
Figure 1.6 shows the magnetization curves (M vs H) characteristic for paramagnetic, 

and diamagnetic material. All of the M-H magnetization curves are linear and rather large 
applied fields are required for minor changes in magnetization. All these types of magnetic 
materials possess no magnetization if the applied field is removed. The diamagnetic 
material has a small negative slope of magnetization curve, which means the susceptibility 
is negative and small (≈ - 10-5). The permeability of diamagnets is less than 1. In the case 
of a paramagnetic or antiferromagnetic material, a susceptibility has a small positive slope 
resulting in a small and positive susceptibility (≈ 10-2 – 10-5). The value of the permeability 
of these two types of magnets is more than 1 [45], [47]. 

 

Figure 1.6: Magnetization curves for different types of magnetic materials [8], [45]. 

1.2.1.1 Hysteresis 

Figure 1.7 shows the magnetization curve of ferrimagnetic and ferromagnetic material. In 
this case, the axis scales are completely different resulting in much higher magnetization 
of material at a much smaller applied field. The curve is nonlinear and susceptibility and 
permeability are functions of an applied field. Both values are large and positive [8], [45]. 
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Figure 1.7: Magnetization curve of ferrimagnetic or ferromagnetic material [8], [45]. 

At a certain applied field where the magnetization becomes constant, a saturation 
magnetization value (Ms) is achieved. At that point, any further increase of the applied 
field causes a minor increase in magnetization. After the saturation magnetization is 
achieved, the magnetization does not drop to zero even though the applied field is reduced 
to zero or changed in the opposite direction. The chart of B or M versus H shown in Figure 
1.8 is called hysteresis loop. The magnetic material is in origin unmagnetized. After the 
applied field is initiated and increased in the positive direction, the magnetic induction or 
flux density goes from 0 to saturation magnetization (Ms). If the applied field H is reduced 
to zero, after the saturation magnetization is achieved, the magnetization decreases from 
Ms to remanent magnetization (Mr). Using the reversed applied field, the magnetization 
will decrease to zero at the point where the reverse field equals the intrinsic coercivity (Hc). 
The value of coercivity determines whether the ferromagnetic material is magnetically soft 
or hard. The magnetically soft material is easily magnetized and demagnetized, meanwhile, 
a hard magnet requires a large field to achieve the point of coercivity [8], [45]. 

 

Figure 1.8: M vs H hysteresis loop [48]. 

 
Figure 1.9 shows a hysteresis loop plotted as B versus H. The magnetic material is 

unmagnetized at the origin. After the applied field is initiated and increased in the positive 
direction, the magnetic induction goes from 0 to induction saturation (Bs). After the 
saturation is achieved, the value of B continues to increase parallel with an increase of H, 
because H forms part of B [8], [45]. If the H is reduced to zero, after the saturation is 
achieved, the induction decreases from Bs to residual induction or retentivity (Br). Using 
the reversed applied field, the induction will decrease to zero at the point where the reverse 
field equals coercivity (Hc). 
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Figure 1.9: B vs H hysteresis loop [48]. 

The second quadrant normally describes the quality of the magnetic material. The 
largest rectangular area under the hysteresis loop in the second quadrant is called the 
maximum energy product. It is the point where the product of B and H reaches the highest 
value and it is measured in kJ/m3 [8], [45], [48]. 

Ferrimagnetic or ferromagnetic material differs in the applied field required to achieve 
saturation magnetization. A magnetic material that can be easily magnetized is 
magnetically soft meanwhile the materials where large fields are required to achieve the 
saturation magnetization are magnetically hard. Some of the magnetic materials can be 
even soft or magnetically hard which depends on their physical condition. In Figure 1.10, 
curve (a) represents this type of material as magnetically soft well-annealed material 
meanwhile curve (b) as magnetically hard heavily cold-worked state material, and (c) as 
magnetically hard material [8]. 

 



1.2. Magnetism Fundamentals 11 

Figure 1.10: Different types of magnetic curves [8]. 

1.2.2 Anisotropy 
There are several factors that affect the shape of the hysteresis loop; however, magnetic 
anisotropy is a main factor for the final shape of the loop. The anisotropy explains a 
difference in the magnetic properties of the material with respect to the direction of 
measurements of these properties. The various forms of magnetic anisotropy are listed 
below [8], [45], [46]: 

 Magnetocrystalline anisotropy (or crystal anisotropy); 
 Shape anisotropy; 
 Stress anisotropy (magnetostriction); 
 Induced magnetic anisotropy; 
 Exchange anisotropy. 
All these different anisotropies contribute to the shape of the hysteresis loop; however, 

two anisotropies stand out here (crystal and shape anisotropy) which will be described in 
the following chapters. 

1.2.2.1 Magnetocrystalline anisotropy 

This form of magnetocrystalline anisotropy is mainly formed due to spin-orbit coupling 
caused by the spin-orbit interaction of the electrons. Two neighbouring spins exchange 
interact as a spin-spin coupling. In this way, neighbouring spins lie antiparallel or parallel 
to one another, which makes this type of coupling very strong. However, the spin-spin 
coupling does not contribute to the crystal anisotropy due to the associated energy which 
is isotropic. This energy does not affect the direction of the spin axis relative to the crystal 
structure and consequently on magnetocrystalline anisotropy. It affects only the angle of 
adjacent spins [8], [46]. 

Another type of coupling is lattice-orbit coupling, which is also very strong due to the 
strongly attached orientations of orbits in the crystal lattice. This means that even a large 
magnetic field cannot change them. 

The third coupling type is between the orbital and spin motion of the electron. The 
energy required to overcome the orbit-spin coupling is equal to the anisotropy energy, 
which is also the energy required to rotate the spin system of the domain away from the 
easy direction. In this case, a low energy is required to rotate spins, which is why this type 
of coupling is weak. 

The last coupling type is between the spin and lattice, which is also weak because the 
lattice consists of a number of atomic nuclei where each nuclei is surrounded by a cloud of 
orbital electrons [8]. 

The magnetocrystalline energy is rather small in comparison with the exchange energy. 
It also decreases faster than the magnetization with an elevated temperature and goes to 
zero at the Curie temperature. However, the direction of magnetization is associated with 
the crystal anisotropy due to exchange interaction, which forces the magnetic moments to 
align parallel one to another. Besides, the anisotropy strongly affects the coercive field, 
which drops to zero together with the anisotropy [8], [46]. 

The superiority of rare-earth permanent magnets is strongly connected with their high 
magnetocrystalline anisotropy, which conditions the high stability of the magnetization 
direction with respect to the crystal axes [49]. This anisotropy is the intrinsic property 
independent of shape and grain size that can be seen by the measurement of magnetization 
curves along different crystal directions [50]. It has been shown that depending on the 
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orientation of the field with respect to crystal lattice a different applied field is sufficient 
to reach saturation magnetization (Figure 1.11) [51]: 

 Easy axis is the direction in the crystal, where a small applied field is needed to 
reach the point of saturation magnetization. 

 Hard axis is the direction in the crystal, where a high applied field is needed to 
reach the point of saturation magnetization [51]. 

 

Figure 1.11: Magnetization curves along hard and easy axes [50]. 

The magnetocrystalline anisotropy is also the source of coercivity and hysteresis which 
categorize the magnets into soft or hard magnetic materials [49]. This anisotropy is uniaxial 
in typical permanent magnets which means that magnetic energy can be expressed with 
the following equation in the lowest (or second) order [49]: 

𝐸 = 𝐾ଵ𝑉 sinଶ θ    (1.10) 

where K1 denotes the first uniaxial anisotropy constant, θ the angle between the 
crystallographic c-axis and magnetization and V the volume of the magnet. If the 
magnetization is nonuniform (ferromagnetic grain boundaries), the K1 can alternatively 
represent an anisotropy-energy density. The units of E and K1 are J/m3 [8], [49]. 

1.2.2.2 Shape anisotropy 

Most of the materials have magnetocrystalline anisotropy; however, the polycrystalline 
specimen with no preferred orientation of the grains possesses no net crystal anisotropy. If 
the sample has an exactly spherical shape, the same external field is required to magnetize 
it to the same extent in each direction. If this condition is not met, then the sample will 
be easier to magnetize along the long axis (or easy axis) than along the short axis. The 
reason for this phenomenon is a stronger demagnetizing field Hd along the short axis which 
means that the external field should be stronger along the short axis direction to provide 
a uniform field within the specimen [8], [45], [46]. 
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Figure 1.12: Radiation of H lines around a spheroid [45]. 

For a better understanding of shape anisotropy, the demagnetizing field should be 
introduced qualitatively via magnetic poles. Figure 1.12 shows the spheroid which was 
magnetized from right to left by an external magnetic field. In this way, two different poles 
are generated – the north pole at the left side and the south pole at the right side of the 
spheroid. A result of two different poles is a pattern of H lines that radiate from the north 
to the south pole of the spheroid. The important fact is that the field inside of the sample 
points toward the south pole, which is the opposite direction of the external magnetic field 
and is called demagnetizing field Hd. This field is created by magnetization of the sample 
and its size is directly proportional to the size of magnetization. The demagnetizing field 
(Hd) is defined as (Eq. (1.11)): 

𝐻ௗ =  𝑁ௗ𝑀     (1.11) 

where Nd is a demagnetizing coefficient (factor) governed by the shape of the specimen. In 
the case of prolate spheroid or elongated sample, Nd is large along the short axis and small 
along the long axis. When the anisotropy becomes even more pronounced, the aspect ratio 
increases – the distance between poles goes toward infinity and Nd factor toward zero [45]. 

1.2.3 Curie temperature 
The alignment of the magnetic moments is strongly associated with the temperature. The 
temperature where the spontaneous magnetization of material drops to zero is the so-called 
Curie temperature (Tc). It can be understood as the transition temperature between the 
ferromagnetic and paramagnetic phase. In specific heat, the magnetic ordering is a 
continuous thermodynamic phase transition with a λ-shaped anomaly connected with the 
disordering of the atomic dipole moments. Among ferromagnetic materials, cobalt has the 
highest Tc of 1115 °C followed by iron and nickel with Tc of 771 °C and 355 °C [47]. The 
Tc temperatures of ferrimagnetic and ferromagnetic materials are collected in Table 1.1 
[46]. 

Table 1.1: Curie temperatures of ferrimagnetic and ferromagnetic materials [46]. 

Material Tc [K] 
Fe 1043 
Co 1388 
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Ni 627 
Gd 293 
Dy 88 

EuO 69 
Fe3O4 853 
CrO2 387 

1.3 Processing of Nd-Fe-B Magnets 
The magnetic properties and the microstructure of a magnetic material produced by a 
specific processing route depend not only on the initial material composition but also on 
the heat treatment regime and processing parameters. Thus, Nd-Fe-B magnets can be 
produced through different processing routes, which are usually separated based on their 
microstructure. The microstructure can be either microcrystalline or nanocrystalline which 
divides the production into two completely different processing routes shown in Figure 1.13 
[52], [53]. 
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Figure 1.13: Schematic figure of processing routes for Nd-Fe-B magnets [52]. 
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The microcrystalline route is based on the powder-metallurgy technique, where the 
sintering provides fully dense anisotropic magnets with a (BH)max around 400 kJ/m3. On 
the other hand, the nanocrystalline route includes rapid-solidification techniques (melt 
spinning, atomization), HDDR process (hydrogenation-disproportionation-desorption-
recombination) and mechanical alloying technique. This route results in anisotropic 
magnets with (BH)max ~ 160—440 kJ/m3 and isotropic magnets with (BH)max ~ 80—120 
kJ/m3 [52], [53]. 

1.3.1 Powder metallurgy route 
The powder-metallurgy process for the production of Nd-Fe-B magnets was discovered by 
Sagawa in 1984 [32] and since then, this process serves as a technique for processing 
anisotropic sintered magnets [54]. The process begins with an ingot being cast with a 
relatively large amount of rare earth in initial composition (Nd, Dy ~ 15 at.%) which limits 
the α-Fe precipitation and promotes the subsequent liquid-phase grain-boundary sintering 
operation [53]. The strip casting technology development through the years enables higher 
cooling rates, finer scale and homogeneous microstructure, which leads to lower 
consumption of rare earth in the initial composition (Nd + Dy ~ 14 at.%) with no need for 
post-cast annealing. The so-prepared ingot is then coarse ground and (jet) milled in a 
protective atmosphere into a fine powder with particle size around 5 µm. The resulting 
powder can be aligned in a magnetic field (~ 800–1600 kA/m (1–2 T)) and subsequently 
pressed into a green compact [53].  

The sintering of a green compact is performed at elevated temperatures (1000–1100 °C) 
from 2 to 4 hours in a protective atmosphere (argon) or in a vacuum. During the thermal 
treatment, the grain boundary phase melts at ~ 630 °C and therefore, this process can be 
also called the liquid phase sintering process [32], [55]. In the cooling process after the heat 
treatment, the Fe-rich precipitates occur within the Nd-rich phase, mostly at the surface 
of neighbouring Nd2Fe14B grains. The temperature of the sintering process determines the 
morphology, the number and the size of the initial precipitates. At low sintering 
temperatures, a thin continuous layer around the Nd2Fe14B grains prevents the 
demagnetization and consequently improves the coercivity. On the contrary, at the high 
temperatures, the precipitates formed on the surface of Nd2Fe14B grains decrease the 
coercivity. The sintering is followed by the post-sintering process at approximately 600 °C 
to relieve internal stress and refine the grain-boundary texture. The final magnetic 
properties strongly depend on the initial chemical composition, sintering and post-sintering 
processing temperature [53], [56]. The typical microstructure of a sintered magnet processed 
by the powder metallurgy route is shown in Figure 1.14. 

 

Figure 1.14: Microstructure of Nd-Fe-B sintered magnet with the grain size of 4.5 µm (a) 
and grain size of 3 µm (b) [57]. 
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1.3.2 Hydrogenation-disproportionation-desorption-recombination 
process (HDDR) 

The HDDR process stands for hydrogenation-disproportionation-desorption-recombination 
and is a well-established processing route for obtaining the refined grain structure of rare-
earth transition-metal alloys (e.g., Nd-Fe-B alloys). The process was invented by Takeshita 
et al. [58] in 1989 and later on interpreted by McGuiness et al. [59], [60]. In this type of 
processing the magnetically anisotropic powder can be produced, however; the process is 
limited by the thermal stability of the powder. The process is mainly based on hydrogen-
induced phase transformation, which results in highly coercive Nd2Fe14B powders. This 
powder is the basis for the production of bonded magnets or fully-dense hot-pressed 
magnets [54]. The main advantage of the HDDR process is the production of anisotropic 
Nd-Fe-B powders by adjusting the process parameters or by aligning the c-axis of Nd2Fe14B 
along one direction [54]. 

In the Nd-Fe-B system the HDDR reaction (shown in Figure 1.15) occurs in two stages 
and is expressed as (Eq. (1.12)) [54]: 

𝑁𝑑ଶ𝐹𝑒ଵସ𝐵 + (2 ± 𝑥)𝐻ଶ ↔ 2𝑁𝑑𝐻ଶା௫ + 12𝐹𝑒 + 𝐹𝑒ଶ𝐵 ±  ∆𝐻  (1.12) 

1) Disproportionation: The Nd2Fe14B phase disproportionate or decompose during the 
heat treatment at 800 °C and 1 bar of hydrogen pressure into a finely divided 
mixture of α-Fe, NdH2 and Fe2B. 

2) Desorption and Recombination: The subsequent heat treatment under the vacuum 
causes the desorption of hydrogen from NdH2. The disproportionated Fe2B, α-Fe 
and Fe2B are then recombined into the Nd2Fe14B phase. The new recombined phase 
possesses a much finer grain structure compared to the initial Nd2Fe14B phase [54]. 

 

Figure 1.15: Schematic figure of HDDR processing of Nd2Fe14B powder [54]. 
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The HDDR process reduces the grain size of the Nd2F14B powder from 100 µm to 
approximately 0.3 µm, which is close to the single domain size of the Nd2Fe14B phase. The 
additional heat-treatment of HDDR powder leads to iron-free uniformly fine-grained 
microstructure with excellent magnetic properties [61], [62]. With small additions of Zr, Co 
or Ga, magnetic anisotropy is induced by altering kinetics which results in anisotropic 
powder with well-textured grains [63], [64]. The additives of Co and Ga impact the 
recombination time and temperature meanwhile the Zr addition improves the coercivity 
and reduces the grain size [65]–[67]. Alternatively, the anisotropic HDDR powder can be 
processed without kinetic-altering addition by controlling the hydrogen pressure under 
certain condition during the HDDR process [68], [69]. Honkura et al. processed the 
anisotropic HDDR powder by so-called ‘‘dynamic-hydrogenation disproportionation 
desorption recombination’’ (d-HDDR) process, where the anisotropy rate was determined 
based on the rate of the reaction between Nd2Fe14B phase and hydrogen [68]. 

1.3.3 Rapid-solidification technique 
The rapid-solidification process is an important area in solidification processing and 
becomes an important technique in industrial use. Since the 1970s, especially after the 
discovery of the first amorphous alloy produced by this technique, the field of rapidly 
solidified metals and alloys has grown quickly. Rapid solidification is a rapid extraction of 
thermal energy during the transition from a liquid state (high temperature), to the solid-
state material (room temperature). This process affects phase equilibrium and can be 
considered as nonequilibrium cooling because the cooling rates are very high ~103 –109 K/s. 
Consequently, the alloys processed by the rapid-solidification technique exhibit better 
properties due to the small grain size and improved microstructure [54], [70], [71]. 

This process can be used to make an amorphous material instead of a crystalline 
material because it controls the kinetics of crystallization. It also permits large deviations 
from phase equilibrium, which can enhance compositional flexibility, extends the solid 
solubility, and the formation of non-equilibrium phase. Over the past four decades, rapid 
solidification resulted in a broad spectrum of solidification techniques that brought many 
commercially available products [70]. 

1.3.4 Melt-spinning (continuous) process 
The melt-spinning technique (Figure 1.16) is the most used rapid-solidification process and 
the most appropriate technique to produce large quantities of ribbons. The simplest version 
of this technique was invented back in 1872, when the first ribbons were produced. The 
improved versions such as chill-block (similar to modern single-roller melt spinner) and 
free-flight melt spinner (jet of the molten alloy is solidified by the surrounding gas) were 
discovered in 1908 and 1961. A similar version to the modern single-roller melt spinner was 
invented at the California Institute of Technology in 1958 by Pond et al., who firstly 
directed a molten stream on the inner surface of a rotating rim. This modern single-roller 
melt spinner was assembled by a solid copper quench wheel combined with a quartz 
containment crucible. The alloy in the crucible was melted by induction heating and forced 
out of the crucible using pressurized gas. The speed of the quench was carefully controlled 
since the grain size is strongly related to the wheel speed [19], [54].  

The main advantages of the melt-spinning process in comparison with other 
solidification techniques in terms of the microstructure and phase equilibria are: 

 Processing of nonequilibrium crystalline phases; 
 Improved chemical homogeneity with an increase of the cooling rate; 
 The formation of non-equilibrium glassy phases; 
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 The grain size reduction with increasing of the cooling rate and achievement of 
nanoscale microstructure; 

 Homogeneity and solubility area of equilibrium phases are extended with increasing 
of the cooling rate [54]. 

From the perspective of Nd2Fe14B magnets, the melt-spun Nd-Fe-B ribbons were 
discovered by Croat and Herbst in General motors [30]. The development of melt-spun 
ribbons ran parallel to the development of sintered Nd-Fe-B magnets discovered by Sagawa 
at Sumitomo [32]. In this process, shown in Figure 1.16, a thin stream of molten Nd-Fe-B 
alloy (melted by induction heating) is ejected through the small bore at the bottom of the 
quartz crucible on the surface of a rapidly rotating Cu wheel. When the molten alloy 
impacts the cooling surface of the rotating Cu wheel, it spreads and solidifies at high 
velocity (~105–106 K/s) into the thin ribbons, which leave the wheel tangentially to a 
chamber from where the melt-spun ribbons are collected [54]. Nd2Fe14B ribbons, processed 
at optimal quench rates, are composed of crystalline polygonal grains ranging from few 
tens of nanometers in the wheel side to 1 µm in the free side [54], [71], [72]. The high 
cooling rates prevent the grain growth and formation of α-Fe, which deteriorate the 
magnetic properties [19]. 

 

Figure 1.16: Schematic representation of the melt spinning technique [73]. 

Croat et al. proved that melt-spun ribbons are magnetically and crystallographically 
isotropic and therefore their demagnetization curve is not square-shaped like in the case of 
an anisotropic material. In contrast, this type of material exhibits a monotonic change of 
magnetization versus the applied field. They processed series of Nd0.15(Fe1-yBy)0.85 alloys at 
different wheel velocities and measured their coercivities shown in  
Figure 1.17. They found that the maximum coercivity is reached at a velocity between 15 
and 20 m/s, meanwhile, over-quenched (finer grains or amorphous) or under-quenched 
ribbons (larger grains) showed a much lower value of coercivity. Another important factor 
is the boron content, which also has a significant impact on the coercivity of melt-spun 
ribbons. The alloys with boron content between 0.5 and 0.9 show the highest coercivities 
between 1.7 and 2 T. The enhancement of coercivity with increasing boron content in melt-
spun ribbons is the result of an increase in the volume content of a major Nd2Fe14B 
intermetallic and a minor Nd-rich intergranular phases in the microstructure at the expense 
of the equilibrium of α-Fe and Nd2Fe17 phases [19]. 



20 Chapter 1. Introduction  

 

Figure 1.17: The coercivity of Nd0.15(Fe1-yBy)0.85 alloys versus wheel speed [19], [30]. 

1.3.5 Gas-atomization 
An alternative method to HDDR and melt-spinning process is the gas-atomization 
technique. This is the oldest technique of the rapid-solidification processes [74] that enables 
the processing of nanocrystalline Nd-Fe-B powder with an average size of 20 um. Although 
the melt-spinning process is industrially the most important route, gas atomization is an 
appropriate technique for forming a microstructure at the cooling rates 1 to 2 orders of 
magnitude lower regarding the cooling rates in the melt spinning technique (106 K/s). The 
gas atomization technique shows great commercial potential due to its ability for high-
volume, low-cost production. The gas atomized Nd-Fe-B powder is especially used for 
bonded magnets, due to the high tap density and powder flow characteristics [75].  

It is a versatile method for powder production, schematically shown in Figure 1.18. A 
high-pressure inert gas (argon or helium) is used to break up the molten stream of alloy 
into fine droplets, which eventually solidify into fine particles with cooling rates from 104 
to 105 K/s. The primary objective of this process is producing a fine dispersion of droplets 
that have good thermal contact with the inert gas and at the same time to destabilize a 
thin liquid film. The process occurs due to the transfer of kinetic energy from atomizing 
fluid to the melt. When the gas-stream velocity exceeds surface tension, which keeps the 
liquid unified, the stream of molten alloy disintegrates. The formation of waves in the shape 
of the rod is caused by the interaction between gas jets and alloy stream. The waves 
propagate which leads to perforations and results in the break-up of the stream into the 
fine droplets. Each experiment of this technique begins with bulk material and finishes 
with a collection of fine particles [54], [71]. The most important objectives of the 
atomization process are:  

 To reduce the particle size; 
 To minimize the average particle size; 
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 To produce complex melt systems for powder applications. 

 

Figure 1.18: Schematic presentation of the atomization technique [76]. 

The microstructural development of Nd-Fe-B gas-atomized powder primarily depends on 
the cooling rate. The particle size is consistent with the solidification rate [77]. Based on 
the particle size and cooling rate, characteristically different microstructures were found: 

1) A partition less structure with no visible microsegregation is formed within the 
finest particles (< 10 µm). Depends on the rate of heat extraction, this structure 
can be formed in a glassy or crystalline state. An amorphous fraction was also found 
in this microstructure. 

2) In the particle size between 10 and 15 µm, a two-phase cellular microstructure 
(Figure 1.19a) is formed with Nd2Fe14B as the primary phase and the rare-earth-
rich eutectic as the grain-boundary phase. An equiaxed grain microstructure is a 
result of a spherical growth morphology that is developed under the critical amount 
of undercooling. 

3) In particles with a size between 15 and 90 µm, a dendritic microstructure (Figure 
1.19b) with nucleation sites at the surface and interior of the particles is found. 
The dendritic growth begins from the heterogeneous nucleation sites and continues 
with the growth of dendritic arms at the tips which results in a starburst 
morphology. 

The largest particles above 90 µm also have a dendritic microstructure with different 
morphology. Instead of starburst morphology is in this case fern morphology (Figure 1.19c), 
which is a consequence of the formation of secondary dendrite arms due to slow growth 
rate and low undercooling [75]. 
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Figure 1.19: A BSE (backscattered electron) image of gas atomized Nd2Fe14B powder with: 
a) cellular morphology, b) starburst dendritic morphology, and c) fern dendritic 
morphology [75]. 

The main problem of this technique is a production of a spectrum of particle sizes with a 
non-uniform microstructure (Figure 1.20), which affects the intrinsic and extrinsic magnetic 
properties. Lewis et al. also found that larger particles contain pure α-Fe, a soft-magnetic 
material, which causes the degradation of coercivity and makes the main Nd2Fe14B phase 
nonstoichiometric. This implies a strong connection between the grain size and intrinsic 
coercivity which is the largest in the smallest nanocrystalline spheres [75], [77], [78]. 

 

Figure 1.20: The microstructure of Nd-Fe-B gas atomized powder [79]. 

1.3.6 Mechanical alloying 
Two important processes are involved in mechanical alloying: a high-energy ball milling 
and subsequent annealing treatment. In this process, the diffusion-reaction causes the 
mixing of different elements and forms an ultrafine layered structure of composite particles. 
The formation of the desired alloy depends on the alloy thermodynamics, mechanical 
processing of the initial material and the energy required for the ball-milling process. The 
main advantage of mechanical alloying is the formation of metastable phases during the 

(a (b (c
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processing because it is a nonequilibrium technique and it can overcome many limitations 
of conventional milling processes [54]. 

In the case of the Nd-Fe-B system, during the ball milling, a layered structure of Nd 
and Fe is formed. The B particles are undeformed and embedded along the interfaces. The 
ball milling is followed by the heat treatment at 600 to 700 °C for a maximum of 30 
minutes. During this process, a hard magnetic Nd2Fe14B phase with a crystallite size of 10–
50 nm is formed from ultrafine and homogeneously distributed reactant particles [54], [80]. 

A modified version of mechanical alloying named “intensive milled technique” was 
reported by Gutfleisch et al. [80], where they used it as a starting material for ball milling 
an alloy powder instead of elemental powder. The powder after using “intensive milled 
technique” showed higher coercivity than powder processed by mechanical alloying 
(mechanically alloyed nanocomposite powders of Nd2Fe14B/α-Fe with additional elements). 

1.4 Bulk Magnets from Melt-Spun Nd-Fe-B Ribbons 
In the following chapter, the processing routes for bulk Nd-Fe-B magnets from melt-spun 
Nd-Fe-B ribbons will be presented. Two typical processing techniques will be described 
below. 

1.4.1 Polymer bonded magnets 
Bonded magnets are magnets that consist of at least two components – a magnetic powder 
and a non-magnetic binder. They can be used in a wide range of applications. The large 
growth of the personal computer industry and related technology and automotive industry 
has significantly increased the demand for polymer-bonded magnets. The manufacturing 
of bonded magnets is near net shape production which is the major advantage over the 
powder metallurgical process because the processing requires zero or minimal finishing 
operations [81]. However, due to increased demand, the magnetic powder producers need 
to constantly improve their products and manufacturing method to provide the best 
properties of the final polymer-bonded magnet [82], [83]. There are several manufacturing 
methods for processing the magnetic powder for bonded magnets: 

 crushing of bulk magnet or alloy ingot; 
 a direct chemical reaction to a powder product; 
 melt-spinning processing; 
 HDDR processing; 
 gas atomization processing; 
 mechanical alloying. 
The powder can be hard ferrite, Nd-Fe-B, SmCo5, Sm2Co17, SmFeN, Alnico or a mixture 

of two or more different magnetic powders. The powders have specific magnetic properties 
obtained by the chosen chemical composition and optimized process path for use in 
polymer-bonded magnets. The type of magnetic powder is identified based on the desired 
application of the final product [81]. On the other hand, two types of binders fix the 
magnetic material – flexible and rigid. Typical binders for flexible magnets are vinyl and 
nitrile rubber, meanwhile, the binders for rigid magnets are nylon, polyphenylene sulfide, 
polyester, Teflon and thermoset epoxies [81]. There are several different processing routes 
for the production which are described below. 

In the injection-moulding process, a highly filled thermoplastics molten compound is 
injected into the mould cavities, where it is cooled and solidified. For this type of processing 
of bonded magnets, the ferrites and Nd-Fe-B are the most commonly used magnetic 
powders. To achieve high-volume output and productivity, multi-cavity tooling is used for 
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processing the bonded magnets. The injection-moulding process also enables the production 
of complex-shaped and multi-component to assemble magnets. On the other hand, the 
powder loading is limited to 60-65 vol.% and the tooling is expensive. Due to the high 
investment and the lack of standards, the applications are limited to mass parts [81], [82].  

The extrusion process enables comparable maximum loading (65 vol.%) to that of the 
injection-moulding process, meanwhile, the initial material is similar to that used in 
calendaring processing. Here, the main screw in combination with the heated barrel works 
against the compound to push it with high pressure through a heated die. The product, 
i.e., a strip of material, can be cut into pieces, coiled in a spool or collected in a cut sheet 
[81], [82].  

In the calendaring process a series of rolls reducing the thickness of sheets which are 
passed through several times to about 1–10 mm. The low loading of only 55 vol.% results 
in flexibility of the final product, which is a suitable property for applications like 
advertising, toys and clamping devices. The maximum temperatures of the calendaring 
processing depends on the type of the binder and are typically between 80 and 130 °C [82]. 
The bonded magnet manufacturing route of all three above-described processes is shown 
in Figure 1.21. 

 

Figure 1.21: Production processing routes for injection moulding, extrusion and calendaring 
[82]. 

The fourth processing route for bonded magnets is compression moulding with moderate 
tooling costs, a short economic cycle process and a maximum loading of 85 vol.%, which 
results in higher flux densities of the final product regarding the other three techniques 
described above. The process starts with the refinement step and liquid encapsulating 
processing of Nd-Fe-B powder to coat each particle with a thin film of thermoset epoxy, 
hardener and other additives. In the next step, the so-prepared powder is fed into the press 
cavity and pressed into a compacted magnet and subsequently heat-treated at about 150 
to 180 °C. The production of near-net-shape compression-bonded Nd-Fe-B magnets 
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together with a high maximum energy product make these magnets useful for numerous 
applications in brushless DC motors, spindle motors and other motor applications [81], 
[82]. The compression moulding processing route is shown in Figure 1.22. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1.22: Production processing route of compression-moulding process [82]. 

In the case of Nd-Fe-B magnets, the melt-spun ribbons are mainly used for processing 
bonded magnets. The produced ribbons are ground to a particle size of less than 400 µm 
and subsequently post-annealed to develop the desired microstructure and magnetic 
properties. The magnetic powder is then mixed with polymer (thermal-set or thermal-
plastic) and the mixture is compressed or injection moulded with an appropriate tool to 
produce a near-net shape polymer-bonded magnet with a microstructure shown in Figure 
1.23. The several different polymers (polyamides or polyphenylene sulfide) with a loading 
factor from 50 to 75 % can be employed by the injection-moulding technique. A polymer-
bonded magnet produced by injection-moulding possesses a remanent magnetization 
between 0.5 and 0.6 T and a maximum energy product between 40 and 55 kJ/m3. This 
method enables the production in a variety of different shapes for a high spectrum of 
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applications. Another technique is compression-moulding, which in combination with an 
epoxy polymer results in the highest volumetric fraction of magnetic powder with the 
remanent magnetization between 0.62 and 0.72 T and maximum energy product between 
48 and 85 kJ/m3. The better magnetic properties of polymer-bonded magnet processed by 
compression moulding technique are the consequence of higher volume fraction of magnetic 
powder; however, despite inferior properties, the injection-moulding technique is still very 
attractive [83], [84]. 

 

Figure 1.23: Microstructure of Nd-Fe-B polymer-bonded magnet of (a) cross-section and 
(b) fractured surface [85]. 

Recently, the extrusion and calendaring method also take a place in the processing of Nd-
Fe-B polymer-bonded magnets. These two methods enable the production of mechanically 
flexible Nd-Fe-B polymer magnets with a desirable shape for a specific type of application. 
The magnets processed by calendaring have a lower remanent magnetization and maximum 
energy product than magnets processed by compression, injection moulding or extrusion 
due to the low-loading factors. That is why the moulding method should be carefully chosen 
for a specific type of application based on coercivity, remanent magnetization, maximum 
energy product and temperature characteristics of the final polymer-bonded magnet [83]. 

1.4.2 Hot-pressing technique vs Spark plasma sintering 
The hot-pressing (HP) technique (Figure 1.24) is a common method for processing dense 
magnets from magnetic powder. The temperature and pressure are simultaneously applied 
to a powder compact, which is an advantage compared to conventional sintering methods 
because it allows processing at lower temperatures and shorter times to inhibit the grain 
growth during consolidation and maintain the excellent magnetic properties. The powder 
container is usually heated by radiation through external heating elements like a copper 
coil and by the convection of inert gases, which means that the heat is transferred to the 
sample by conduction from the surface of the powder container to the sample. All the 
processing parameters – temperature, pressure, heating rate, atmosphere and holding time 
affect the microstructure and properties of the final bulk sample [86], [87]. 

(b
) 

(a
) 
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Figure 1.24: Schematic presentation of a hot-pressing (HP) process [86]. 

On the other hand, the spark-plasma-sintering method (SPS), also known as field-activated 
sintering method or pulsed electric sintering method, is an advanced sintering technique 
utilizing uniaxial force and pulsed (on-off) direct electrical current that enables high-speed 
consolidation of the powder and processing of high-temperature materials with poor 
deformability into configurations which are unfeasible with other sintering methods. The 
direct way of heating provides high heating and cooling rates and improves the densification 
over grain-growth-promoting diffusion mechanisms. Besides, it enables the maintenance of 
the intrinsic properties of the nano-powders in their fully dense bulk samples [87].  

This type of sintering was first mentioned and patented back in 1913. The patent 
concerned the current- and pressure-assisted sintering system in a vacuum. First SPS model 
was developed in 1930, however, this device was not appropriate for commercial use. In 
the 1960s the Kiyoshi Inoue invented spark plasma sintering, where the heating was applied 
by pulsed current; however, he failed to commercialize the device successfully. At the end 
of 1970s, the Inoue’s method was used for processing near-net-shape products, large 
components, functionally graded materials and non-equilibrium composites. In 1980, the 
technique was developed even further, especially in Japan, where they started to use it 
frequently in the laboratory. In the early 1990s, this technology became commercially 
available and Japanese companies first started producing SPS devices. Several years later, 
US companies started with the production of the upgraded version of SPS devices based 
on pulsed direct electric current. Today there are on the market several FAST/SPS devices 
which provide excellent conditions for sintering [88]. 

The SPS technique is suitable for processing a broad range of powders like pure metals, 
alloys, ceramics to produce bulk specimens. The initial powder is usually placed in a 
graphite mould and during the sintering, the pressure and electric current are applied to 
improve the densification process of the powder into the bulk sample. The method is very 
similar to conventional HP; however, the main difference is in the heating of the sample. 
In this case, instead of using an external source for heating, the sample is heated by 
radiation or induction. The pulsed electric current is applied in the millisecond range via 
the conductive (usual graphite) mould and directly through the sample (Figure 1.25). The 
powders are heated from both inside and outside due to the generated electric field, which 
is a result of the applied pulsed direct current [88], [89]. 
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Figure 1.25: Schematic presentation SPS process [86]. 

As mentioned above, the SPS method is similar to HP from the perspective of the appliance 
of mechanical pressure on the sample during densification; however, with heating rates 
incomparably higher (up to 1000 °C/min) compared to HP (≈5–10°C/min). Besides, 
simultaneous sintering and pressing enable fast densification at low sintering temperatures 
(200–300°C lower compared to other conventional sintering techniques) and short holding 
times (0–10min) which makes SPS the most popular fast-sintering method for the 
processing of nanostructured materials, amorphous materials, ceramic composites and 
highly refractory metals [90], [91]. When heating is established, the heating power is not 
only distributed over the volume of the powder sample homogenously, it is also dispersed 
at contact points of the powder particles where the energy is required for the sintering 
process. The result of heating power distribution is a favourable sintering processing with 
inhibited grain growth and suppressed powder decomposition [87]. 

On the other hand, adequate electrical conductivity of the initial powders is required 
for SPS processing. Besides, the main deficiency is the inhomogeneous temperature 
distribution through the whole sample, which is reflected in larger temperature gradients. 
The consequence of the temperature gradients is inhomogeneous sintering behaviour which 
affects the properties of the final product. To minimize the temperature gradients inside 
the sample during the SPS processing, the following parameters of the initial powder which 
determine the temperature distribution should be considered [87]: 

 The electrical conductivity; 
 The mould thicknesses; 
 The presence of the graphite paper: 

 
 Preventing direct contact between the sample and graphite parts; 
 Providing the electrical contacts between all the parts [87]. 

1.4.2.1 The mechanism of the SPS process 

The electric discharge phenomenon is the basis of the SPS. A low-voltage spark pulse 
current with high energy momentarily generates a spark-plasma at high localized 
temperatures. The temperatures between the particles ranging up to ten thousand degrees 
Celsius and result in optimal electrocatalytic and thermal diffusion. The lower sintering 
temperatures and shorter holding times compared to conventional sintering techniques are 
explained by the following mechanisms [87]. 
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1.4.2.1.1 Plasma generation 
In 1965 Inoue et al. [92] firstly named this method as spark plasma sintering and plasma 
active sintering due to the pulses that generate the sparks and plasma discharges between 
the contacts of the particles. They set up a theory that spark discharges caused by 
ionization at the particle contact develop impulsive pressures, which enables easier diffusion 
of the atoms at contacts. Later, Groza et al. [93] claimed that the formation of oxygen-free 
grain boundaries between the grains is a consequence of a pulsed current, which has a 
cleaning effect on the particle surfaces. However, there is still no experimental evidence of 
plasma generation or its effect in SPS. Meanwhile, the occurrence of plasma discharge has 
been confirmed by electric discharges occurred on microscopic level [87]. 

1.4.2.1.2 Joule heating 
Another possible mechanism is Joule heating - a typical heat-generation mechanism in the 
case of using metals as the initial material. It occurs due to the resistance of electric current, 
which achieves its the maximum value at the particle contacts. At the beginning of the 
process, there are many contacts between the particle conducting surfaces; however, with 
the densification progress, these contacts start to vanish due to the pore closure. The result 
of the disappearance of the contacts is decreasing and at the end, when the material attains 
full-density, vanishing of the electrical resistance. In this electrical path, the resistances 
from graphite-mould punch system and the graphite foil-powder contacts is also included 
[87], [94]. 

1.4.2.1.3 Pulsed current 
In the SPS device, the high-amperage pulsed DC is utilized to consolidate the powder 
during the SPS processing. This pulsed DC is a periodically repeatable current with varying 
value and a constant direction and could be described as a signal that consists of one or 
more rectangular pulses. The ON-OFF DC-pulse method generates the following 
phenomena [95]: 

 spark plasma; 
 Joule heating; 
 spark impact pressure; 
 electrical field diffusion effect. 
All of these phenomena have special effects and, in the end, a practical advantage which 

is shown in Figure 1.26. 
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Figure 1.26: Generated phenomena by pulsed SPS ON-OFF DC, their effects and practical 
advantage [87]. 

As mentioned in the previous section, in the SPS process a bulk sintered compact is made 
at a lower sintering temperature with a shorter holding time in comparison with 
conventional sintering methods. It is easier to purify and activate the surfaces of the initial 
powder particle and promote material transfer at the macro- and micro-level [87]. Figure 
1.27 (a) shows the flow of pulse current through the powder particles inside the mould. A 
special pulse generator (Figure 1.27 (b)) applies ON-OFF DC-pulse voltage and current to 
powder particles and effectively generates the electrical discharges between the particles, 
which enables sintering in the initial stages [95]. 

The spark plasma and spark impact pressure generate high-temperature sputtering, 
which eliminates the impurities from the surface of the powder particles. The high-speed 
diffusion is a result of the rapid migration of ions which is caused by an electrical field. 
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The time of the pause and applied DC pulse last for a few to tens of millions of milliseconds. 
A sintering process is conducted in either vacuum, low pressure or inert gas atmosphere at 
a low applied voltage (few volts) and high applied current (few thousand amperes) [95]. 

 

Figure 1.27: The flow of pulsed current through the particles [87], and pulsed DC generator 
[95]. 

1.4.2.2 Hot-pressed and hot-deformation process 

In 1985, R.W. Lee [96] developed a new method where the fully dense well-aligned Nd-Fe-
B magnets were processed in two steps from melt-spun powder. In the first step, a hot-
pressing (HP) or spark-plasma-sintering technique is used to produce a fully dense, hot-
pressed magnet at ~ 700 °C and 50 MPa. In this step, the coercivity reaches a typical value 
of ~ 1500 kA/m (1.9 T) and the remanent magnetization of about half of magnetization 
saturation, i.e., ~ 0.8 T [97]. The (BH)max is, in this case, above 110 kJ/m3 [98]. The 
microstructure of the HP magnet is quite isotropic and uniform throughout the entire 
magnet. It consists of randomly orientated polygonal Nd2Fe14B grains with sharp 
boundaries and sizes between 80 to 100 nm [99]. The typical microstructure of the HP 
magnet is shown in Figure 1.28 (a), (b).  

The HP is followed by hot-deformation (HD) at approximately 750—800 °C, with a 
strain rate of 0.001 s-1. During the HD process, the equiaxed grains are changed to 
anisotropic platelet-like shape structures. Due to the anisotropic grain growth and the 
grain-boundary sliding, the c-axes of the grains are aligned parallel to the pressing 
direction. The best magnetic properties have been obtained in the HD process at 800 °C 
with the 73 % height reduction of the final magnet. The remanent flux density has been 
improved to the typical values of 1.3—1.5 T, while the coercivity is decreased to 
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~ 1000 kA/m (1.25 T). However, the (BH)max is usually increased to above 400 kJ/m3, 
which is proof that the HD process greatly improves the magnetic properties. 

During the HD process, the oxidation of the metallic Nd-rich phase is extremely 
suppressed. The main reason for this is the size of the ribbons (~ 150 um), which is around 
100 times larger than jet-milled powders for sintered magnets [100]. During this process, a 
strongly oriented (001) texture with plate-like shape grains is developed due to the grain 
boundary sliding and the anisotropic grain growth of the tetragonal Nd2Fe14B phase [99], 
[101]–[103]. The typical microstructure with ultrafine, near-single-domain size [96] of HD 
magnet is shown in Figure 1.28 (c), (d). However, two distinguishable zones with different 
grain shapes and sizes are formed [104]. In the vicinity of the ribbon interface are coarse 
grains areas, while, in the inner part of the ribbons, fine-textured platelet-like grains can 
be found [97]. The excellent magnetic properties, especially high (BH)max, is a consequence 
of the strongly textured microstructure [105]. 

The coercivity is strongly related to the grain size and the chemical composition of the 
HD magnets [106]. In this case, the coercivity is fairly low for the single-domain-size grains. 
It is comparable to a sintered magnet with a grain size of ~ 5 μm [107]. The reason for low 
coercivity is the lack of a non-ferromagnetic phase around the hard ferromagnetic phase. 
To improve the coercivity, the grain boundaries must be structurally and chemically 
modified. The problem was solved with the addition of Dy, but the main problem of heavy 
rare earths is a limitation of their natural sources and the rapidly increasing price. 
Therefore, the research has focused on the development of heavy-rare-earth-free/lean 
magnets with a high coercivity. For instance, the addition of Nd to the hot-deformed 
magnet can enhance the coercivity, which is also sensitive to the concentration of Nd in 
the initial material. That is why the materials with a higher concentration of Nd can 
achieve better coercivity. In contrast, the drawback of adding non-ferromagnetic Nd led to 
decreased remanent flux density. Hence, the optimal concentration of Nd needs to be 
provided for the best magnetic properties [107]. 
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Figure 1.28: Microstructure of fractured surface of (a) and (b) hot-pressed (HP) and (c) 
and (d) hot-deformed (HD) Nd-Fe-B magnets obtained parallel and perpendicular to the 
pressing direction [108]. 

1.5 Coercivity-Enhancement Techniques 
Nd-Fe-B magnets exhibit excellent magnetic properties with a maximum energy product 
as high as 474 kJ/m3, which is close to the theoretical value of 512 kJ/m3 [30], [37], [38], 
[84], [109], [110]. The superior properties are the reason for using this type of magnet in 
various demanding applications such as wind turbines, traction motors, electric and hybrid 
vehicles [111]–[113]. However, in such types of applications, the magnets need to retain the 
coercivity of at least 0.8 T at elevated temperatures above 150 °C to withstand the 
demagnetizing field [114]. Unfortunately, the current low coercivity of sintered Nd-Fe-B 
magnets (≈ 1.2 T) at room temperature is not enough for high-temperature applications 
and reduces below to 0.8 T at 150 °C due to the thermal demagnetization effect [39], [114]. 
The solution, to enhance the coercivity at room temperature, is to modify the 
microstructure either by grain-boundary engineering [103], [107], [115]–[124], heavy-rare-
earth (HRE) element replacement for Nd [109], [125]–[131], by the grain-boundary diffusion 
process (GBDP) or grain-size refinement [57], [100], [132]–[135]. 

1.5.1 Grain size 
Since the natural sources of Tb and Dy are limited, the processing focus should be on the 
HRE-free magnets or at least on magnets with a small content of HRE elements [127], 
[136], [137]. An effective approach to improve sintered Nd-Fe-B magnets' coercivity without 
using the HRE element is grain-size refinement. Several authors reported that the grain 
size refinement of the Nd2Fe14B grains while maintaining the thin continuous Nd-rich 
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intergranular phase significantly enhances the coercivity of sintered magnets [133], [134], 
[138]. 

The coercivity is an extrinsic magnetic property influenced by many parameters, such 
as grain size, misaligned grains, magnetically coupled grains and the local magnetizing 
field. Nd-Fe-B magnets have a typical nucleation-type coercivity mechanism empirically 
determined by the effective nucleation field and the sum of the effective demagnetization 
field. Based on that, Kronmüller et al. proposed the following expression for coercivity (Eq. 
(1.13)) [139], [140]: 

𝐻௖ = ቀ
ଶ௄భ

ெೄ
ቁ 𝛼௄𝛼ట − 𝑁௘௙௙𝑀௦    (1.13) 

where K1 denotes the first anisotropy constant, Ms is the saturation magnetization, αK is 
the nucleation effect of inhomogeneity of crystalline energy, αψ is the nucleation effect of 
misalignment grains and Neff is an averaged local effective demagnetization factor. The first 
term of equation describes the influence of grain misalignment and defects on the 
anisotropy field and the second term the reduction of coercivity due to the demagnetization 
field [140]. The micromagnetic simulations implies that the coercivity enhancement by the 
grain size reduction is closely connected to the lower demagnetization factor, which means 
that the effective demagnetization field, NeefMs, decreases with grain size reduction and 
results in higher value of coercivity [39]. 

Üstüner et al. measured the grain size of sintered Nd-Fe-B magnets according to ASTM 
E112 standard and showed the grain size dependence on coercivity [100]. A chart of 
coercivity versus grain size of sintered Nd-Fe-B magnets is shown in Figure 1.29. 

 

Figure 1.29: Coercivity of Nd-Fe-B sintered magnets with different grain sizes [100]. 

As mentioned above, in this type of permanent magnet the coercivity is controlled by 
nucleation of reverse domains at the surface of each individual grain [141], [142]. Due to 
the local demagnetizing fields and defects of the grain’s surface, the nucleation field is 
decreased, which results in the deterioration of coercivity [141], [142]. By reducing the grain 
size, the probability of imperfections is lower and consequently a higher value of coercivity 
is achieved [100].  
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However, below the grain size of 3 µm, conventionally sintered magnets' coercivity 
values begin to deteriorate [57], [134]. To overcome this problem, Sagawa et al. presented 
an effective method for improving the coercivity by grain-size refinement below 3 µm [143]. 
They showed that with the submicron-sized jet-milled powders sintered by a press-less 
process (PLP), a coercivity up to 2 T could be achieved in 1-µm grain size sintered magnets 
[143], [144]. Further refinement of the grain size in sintered magnets showed deterioration 
of the coercivity due to the jet-milled powder's oxidation [136].  

R.W. Lee first reported that an HD method enables the preparation of ultrafine 
microstructure with grain size close to the single domain size (~ 250 nm) [96]. The 
anisotropic HD magnet is processed from melt-spun Nd-Fe-B ribbons by HP and 
subsequent HD process as already mentioned in the Section 1.4.2.2. Tang et al. reported 
about the remanent magnetization of 1.45 T of HD magnet processed from melt-spun Nd-
Fe-B ribbons with a small addition of Nb (0.29 wt. %), which is comparable to values of 
sintered magnets [145], [146]. On the other hand, Liu et al. showed that one magnitude 
order lower grain size of HD magnets enhances the temperature dependence of coercivity 
and makes them useful for high-temperature applications [132]. 

1.5.2 Heavy rare earth alloying 
Another way to improve the coercivity is HRE-alloying, which means that up to 10 wt.% 
of HRE is added in the initial Nd-Fe-B alloy. Yan et al. [147] reported the three-stage 
alloying of DyH3 and Nd-Fe-B powder mixture. During all three stages (Figure 1.30), they 
observed a Dy distribution in the grain boundaries. In the 1st stage of thermal treatment 
at 650 °C, the hydrogen was desorbed from the milled Nd-Fe-B powder and DyH3. The 
result is the formation of reactive Dy, which reacts with Nd-rich material and with the 
matrix Nd2Fe14B phase. It is expected that Dy would firstly react with a molten Nd-rich 
intergranular phase and after that diffusing and substituting for Nd in the matrix phase. 
In the 2nd stage, as the temperature increases, Dy starts to substitute for Nd at the edge 
of Nd2Fe14B grains and starting to form the (NdxDy1-x)2Fe14B phase. In the last stage, 
sintering temperature and dwell-time increase further, as the composition steadily becomes 
more and more homogenous and Dy-lean zones shrink due to Dy diffusion into the matrix 
phase [147]. 

Even though the reports show an enhancement of coercivity, this type of processing has 
two major drawbacks: 

 it is expensive due to the high market price of HRE [148], 
 a relatively large addition of HRE decreases the remanent magnetization because 

of the antiferromagnetic coupling between the added HRE and Fe [147], [149]. 
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Figure 1.30: Schematic diagram of the diffusion between HRE particle and Nd2Fe14B grain 
during sintering [147].  

1.5.3 Grain-boundary engineering and GBDP 
To reduce the HRE consumption for the purpose of improving the coercivity, Hirosawa et 
al. found a solution to enhance the coercivity of sintered Nd-Fe-B magnets by a heavy-
rare-earth grain-boundary diffusion process where the Nd in the Nd2Fe14B phase is partially 
substituted with heavy rare earth Dy/Tb, which increases the magnetocrystalline 
anisotropy of the (Nd,Dy/Tb)2Fe14B phase (Figure 1.31) [36]. Žagar et al. [150] recently 
did a detailed investigation of the core-shell formation mechanisms. They studied two 
generally accepted formation models for HRE-GBDP in Nd-Fe-B sintered magnets. In the 
first model also called chemically induced liquid film migration, the HRE diffuses along the 
GB into the magnet as a part of the liquid GB phase above the eutectic point of the Nd-
Fe-B system (~ 685 °C) [151]. The diffusion process is accompanied by the partial melting 
of the Nd-Fe-B matrix phase. Beginning with the cooling below the ternary eutectic 
temperature, the (Nd,HRE)2Fe14B shells will start to precipitate out of the liquid phase 
and solidify on the surface of Nd-Fe-B matrix grains [125], [129], [151]–[154]. The result is 
the formation of core shells with a similar chemical composition. The second model is based 
on the solid-state diffusion of HRE along the GB. Löewe et al. [155] and Kim et al. [152] 
found that the diffusion process, in this case, is carried out below the ternary eutectic 
temperature. This theory is supported by the fact that toward the centre of the magnet, 
the Tb concentration in the GB phase significantly decreases. Moreover, the substitution 
of HRE for Nd in already formed (Nd,HRE)2Fe14B shells becomes even harder, as they are 
less susceptible to the substitutional diffusion of Tb. The result is lower HRE concentration 
in GB and thinner shells as we go toward the centre of the sample [150]. 
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Figure 1.31: FEG-SEM image of core-shell-type microstructure of TbF3 GBDP sintered 
Nd-Fe-B magnet [126]. 

In the end, the core of the Nd-Fe-B matrix grain preserves the original HRE-free chemical 
composition, meanwhile, the surface layer of the grain is enriched with HRE. The increasing 
magnetocrystalline anisotropy of the shell enhances the value of coercivity (Figure 1.32) 
and protects it against demagnetization. Moreover, the chemical composition of the core is 
still intact and possesses a high spontaneous magnetization of the Nd2Fe14B matrix phase, 
which results in higher remanent magnetization and maximum energy product compared 
to HRE alloyed Nd-Fe-B magnet [127], [156], [157]. 

 

Figure 1.32: Demagnetization curves of Nd-Fe-B sintered magnets after annealing with a) 
Dy2O3, b) DyF3, c) TbF3 and d) without coating [128]. 

Besides the strong dependence of coercivity on the grain size of hot-deformed magnets, it 
is also known that the chemical composition of grain boundaries has a significant effect on 
this property [99], [106], [124]. Liu et al. presented a significant impact of Nd content in 
initial ribbons on the HD magnet's final coercivity [107]. The high Nd content increases 
the coercivity from 0.9 T to 1.79 T due to the formation of a thick Nd-rich grain-boundary 
phase and a decrease of the ferromagnetic nature in the intergranular phase, which 
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improves the magnetic isolation of the Nd2Fe14B grains and enhances the pinning force 
against domain wall motion [107]. Another option to modify a HD magnet's grain-boundary 
composition from ferromagnetic to non-ferromagnetic nature is by low-temperature grain-
boundary diffusion process using low-temperature eutectic alloys without heavy rare earths. 
The result of infiltration is the formation of the Nd-rich intergranular phase and 
consequently decoupling of Nd2Fe14B grains, which is the main reason for the enhancement 
of coercivity of hot-deformed magnet [103]. Various eutectic alloys such as NdxRy (M=Nd, 
R = Al, Cu, Mn, Zn, Ga) have already been investigated as diffusion sources for the 
infiltration process and the largest reported coercivity was limited to 2.5 T (Figure 1.33) 
[103], [158], [159]. However, an increase of the coercivity consequently decreases the 
remanent magnetization due to exchange coupling of Fe atoms with HRE atoms. 

 

Figure 1.33: Demagnetization curves of hot-deformed (HD) magnet and grain boundary 
diffusion processed hot-deformed (HD) magnet with different low-temperature eutectic 
alloys [103]. 

To prevent a decrease of remanent magnetization and to further increase the coercivity, 
the HRE should be introduced as a diffusion source. As mentioned above, Hirosawa et al. 
used an HRE-GBDP method to enhance the coercivity of conventionally sintered magnets 
[36]. However, the temperatures used for the HRE-GBDP process of sintered magnets 
exceed 900 °C; therefore, they are not appropriate for HD magnets due to the excessive 
grain growth at high temperatures. That is why the grain-boundary diffusion process 
(GBDP) of the HD magnet should be introduced at lower temperatures. Sepehri-Amin et 
al. found a solution combining the elemental Dy with the Nd-Cu alloy resulting in 
Nd60Dy20Cu20 alloy as diffusion source [160]. Later on, the same group used Tb instead of 
Dy in a composition Nd60Tb20Cu20 [114]. Despite the significant increase of coercivity from 
0.87 T to 2.57 T, they preserved the high remanent magnetization of 1.38 T for the hot-
deformed magnet shown in Figure 1.34 [114]. 
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Figure 1.34: Hysteresis loops of the as hot-deformed(HD) and Nd60Tb20Cu20 diffusion-
processed hot-deformed (HD) Nd-Fe-B magnet [114]. 

However, the above-mentioned processed HD magnets were too thin for industrial 
applications. For such usage, the permanent magnet should have a thickness above 5 mm 
[161]. Recently, Tang et al. introduced a novel method, the so-called two-step eutectic 
grain-boundary diffusion process, where they treated a 5.6-mm thick hot-deformed magnet, 
and obtained a uniform microstructure from the surface to the centre of the processed HD 
magnet [161]. 

 

Figure 1.35: Demagnetization curves of the as hot-deformed, first step, one-step, and two-
step diffusion processed hot-deformed (HD) Nd-Fe-B magnet [161]. 

A GBDP was performed in two different ways to show its efficiency. They showed that the 
one-step Tb20Dy10Nd40Cu30 diffusion-processed bulk hot-deformed magnet results in a large 
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coercivity enhancement from 0.91 T to 2.38 T and poor squareness of the demagnetization 
curve (Figure 1.35), which is a consequence of an inhomogeneous microstructure. On the 
other hand, they showed a solution with a two-step GBD process. In the first step, they 
used the Tb20Dy10Nd40Cu30 eutectic alloy, and in the second step, the Nd80Cu20 eutectic 
alloy as a diffusion source for the infiltration process [161]. Due to the uniform 
microstructure, they improved the demagnetization curve's squareness, enhanced the 
processed magnet's coercivity from 0.91 T to 2.43 T, and preserved the high remanent 
magnetization of 1.3 T (Figure 1.35) [161]. 
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2 Aims and Hypothesis 

The main concept of my research arises from the fact that the demand for permanent 
magnets is growing exponentially as humanity tends to use green technology. Moreover, as 
we strive to preserve and maintain a sustainable environment, permanent magnets play a 
crucial role in many applications like electric vehicles and electric generators. 

One branch of permanent magnets are Nd-Fe-B magnets, which possess the highest 
maximum energy product among the permanent magnets; however, there is still plenty of 
room for improvement of their magnetic properties. With this in mind, the primary goal 
of this thesis is to contribute to the enhancement of the magnetic properties of melt-spun 
Nd-Fe-B powders and Nd-Fe-B bulk magnets. To improve their coercivity, the usage of 
heavy rare-earths (HREs), such as Dy and Tb, are currently unavoidable in the fabrication 
of high-coercivity magnets. However, due to the limited natural abundance and high costs 
of HRE elements, an alternative route for the processing of HRE free/lean high-coercivity 
Nd-Fe-B magnets has emerged. One option is the grain-boundary diffusion process (GBDP) 
of Nd-Fe-B magnet or melt-spun powder with the addition of a heavy-rare-earth-free 
diffusion source [114]. In this case, the engineering of the grain boundary phase (GB) by 
low-temperature GBDP using low-temperature eutectic alloys such as Nd70Cu30 cause the 
formation of non-ferromagnetic GB phase which results in enhanced coercivity of the final 
Nd-Fe-B magnet and melt-spun powder [162]–[164]. Accordingly, the aim is the coercivity 
improvement for commercial low-cost melt-spun Nd-Fe-B for the purpose of processing the 
polymer-bonded magnets. Due to the low content of Nd-rich phase in the grain boundary, 
a Nd70Cu30 low-temperature eutectic alloy is introduced via GBDP to significantly improve 
the coercivity. 

To enhance the coercivity even further, the HREs can be introduced only at the surface 
of the Nd-Fe-B grains, resulting in a local increase of magnetocrystalline anisotropy field 
at the nucleation sites [39], [114]. This HRE-GBDP method is commonly used for Nd-Fe-
B sintered magnets [128], [130]. However, in the present work, a Nd-Fe-B hot-deformed 
(HD) magnet processed from the ultra-fine-grained melt-spun powder was employed, which 
is not suitable for conventional HRE-GBDP. Too high diffusion process temperatures (900 
°C) cause substantial grain growth and consequently deteriorate the magnetic properties 
[136]. To prevent grain growth, a different approach should be considered. Instead of using 
conventional HRE-GBDP, the Dy or Tb should be included in low-temperature eutectic 
alloys [114]. Considering this, low-temperature Nd62Dy20Al18, Nd60Tb20Cu20 and 
Nd60Dy20Cu20 eutectic alloys are used, which enable the formation of a HRE-shell at lower 
diffusion process temperatures without causing grain growth [114], [136], [160]. For 
industrial applications, the permanent magnet should have a thickness above 5 mm [161]. 
Recently, a novel method has been introduced, i.e., the so-called two-step eutectic GBDP, 
where a thick HD magnet is treated in a way to obtain a uniform microstructure of HD 
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magnet [161]. Besides a significantly enhanced coercivity, preserved high remanent 
magnetization, the squareness of the demagnetization curve is also improved, due to the 
uniform microstructure [161]. The aim of this work was a further optimization of the two-
step grain-boundary diffusion process with a minimal amount of HRE elements in the final 
bulk hot-deformed Nd-Fe-B magnet. 

Another, advanced option to ensure high-coercivity Nd-Fe-B magnets is so-called 
microstructural engineering. It is well known that the coercivity of Nd-Fe-B magnets is 
strongly connected to the grain size and the chemical composition of GBs [99], [106], [107], 
[124], [132]. An approach to enhance the coercivity of Nd-Fe-B magnets without the 
addition of heavy-rare-earth elements is to refine the grain size of the Nd-Fe-B matrix 
phase while enabling a continuous grain-boundary phase [37], [100], [132]–[134], [146], [165]. 
First attempts to decrease the grain size were performed in the processing of sintered Nd-
Fe-B magnets. The grain size was reduced to 0.5 µm, however, the ultrafine starting powder 
is challenging for further use, due to its explosive nature [57], [132], [135]. As an alternative, 
a melt-spun Nd-Fe-B powder with an ultrafine grain size of ~ 250 nm suitable for processing 
of HD magnets was developed [19], [30]. Due to the ~ 150 µm particle size, which is 
significantly larger compared to jet-milled powders (1-10 µm) for sintered magnets, the Nd-
rich phase is not subjected to oxidation during the HD process [107], [132]. The coercivity 
of HD magnets not only depends on the grain size but also on the chemical composition of 
the GB phase which ensures the magnetic isolation of the Nd-Fe-B matrix phase [99], [106], 
[116], [166]. To provide a small grain size and continuous grain GB phase in a HD Nd-Fe-
B magnet, a closely monitored microstructure evolution should be considered as well as 
optimization of the processing parameters, which is also the goal of this work. 
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3 Materials and Methods 

3.1 Low-Temperature Eutectic Alloy (Nd70Cu30) Diffusion 
Processing of Commercial Melt-Spun Nd-Fe-B Powder 
for Polymer-Bonded Magnet 

3.1.1 3.1.1 Preparation of Nd70Cu30 powder 
A selected rare-earth element Nd (99.1 % purity) and selected metal Cu (99.9 % purity) 
were weighed in a desired atomic ratio (70:30). The elements were mixed and put in arc 
melter (Figure 3.1 (a)). Both elements were melted in an argon atmosphere to obtain a 
completely homogenized Nd70Cu30 alloy. The as-prepared alloy was placed into the crucible 
and then into a melt-spinning device (Figure 3.1 (b)) for processing the Nd70Cu30 ribbons. 
When the 10-5 mbar vacuum was established in the chamber, the argon was released to 
achieve the 0.7 bar in the chamber and 0.2 bar overpressure in the pre-chamber. After 
reaching the desired atmosphere, the alloy in the crucible, was induction heated above the 
melting point of the alloy (~ 520 °C [167]). When the alloy was completely melted, the 
overpressure was released from the pre-chamber into the crucible, which caused the 
dissolved alloy to flow through the nozzle in the form of a thin jet onto the rotating water-
cooled copper wheel. The water-cooled copper wheel rotated at a speed of 2400 revolutions 
per minute. This resulted in ultra-fast cooling (< 106 K/s) of the molten alloy, which in 
contact with the copper wheel instantly changed from a liquid to a solid-state, forming 
long and thin ribbons. The ribbons were subsequently ground in a laboratory grinder in an 
argon atmosphere to produce the Nd70Cu30 powder with a particle size between 0.1 and 0.3 
mm. 
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Figure 3.1: (a) Arc Melter MAM-1 – Edmund Bühler, (b) Melt Spinner SC – Edmund 
Büchler, and (c) melt-spun Nd-Cu ribbons. 

3.1.2 Diffusion processing of commercial melt-spun Nd-Fe-B powder 
Figure 3.3 shows the schematic procedure of diffusion processed melt-spun Nd-Fe-B 
ribbons. The pre-prepared Nd70Cu30 powder (3–7.5 wt.%) was added to the commercial 
melt-spun Nd-Fe-B ribbons with composition Nd26.4Fe67.6Co5.0B1.0 (wt.%) and 1.5–2.5 vol.% 
of intergranular phase. After the addition of the Nd70Cu30 alloy, the sample was mixed 
under the argon atmosphere in a homogenizer to obtain a homogenized mixture. This was 
followed by compression of the homogenized mixture in a press to obtain a 10-mm green 
tablet. 

 

Figure 3.2: Carbolite furnace with vacuum system. 

The as-prepared tablets were placed in a quartz tube attached to a vacuum system (10-4 - 
10-5 mbar) and heat-treated in a carbolite furnace (Figure 3.2). The samples were then 
heat-treated at different temperature regimes (600 – 700 °C) and for different dwelling 
times (15 min – 120 min). During the heat treatment, the alloy diffused into Nd-Fe-B 
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ribbons, which resulted in a final sample composed of agglomerates. To change the 
agglomerates back to individual particles, the heat-treated tablets were homogenized in an 
argon atmosphere. As-prepared diffusion processed melt-spun Nd-Fe-B ribbons were 
subsequently used for the production of a polymer-bonded magnet. 

 

Figure 3.3: Schematic presentation of the processing of the improved commercial melt-
spun Nd-Fe-B ribbons with the addition of Nd-Cu [168]. 

3.1.3 Processing of polymer-bonded magnet from diffusion-processed 
melt-spun Nd-Fe-B powder 

The Nd-Fe-B polymer-bonded magnets were processed in a laboratory and in an industrial 
plant. To prepare the polymer-bonded magnet, a polymer binder is mixed with melt-spun 
Nd-Fe-B powder. In this work, a 12 wt.% of polyphenyl sulfide (PPS) binder was added to 
the melt-spun Nd-Fe-B ribbons.  

Figure 3.4 shows a schematic process for processing of the polymer-bonded magnet in 
the laboratory. The procedure started with homogenizing the melt-spun Nd-Fe-B magnetic 
ribbons and polymer in the homogenizer. This was followed by compression of the 
homogenized mixture in a press, to obtain a 10-mm green tablet. The as-prepared tablets 
were placed in a quartz tube attached to a vacuum system. Before the heat treatment, a 
vacuum between 10-4 mbar and 10-5 mbar was established. The tablets were then heat-
treated at 300 °C for 40 min. After the heat treatment was completed, the polymer-bonded 
magnet was cooled together with the oven to room temperature. 
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Figure 3.4: Schematic presentation of manufacturing a polymer-bonded magnet by 
laboratory procedure [168]. 

The industrial processing of the polymer-bonded magnet is shown in Figure 3.5. It started 
with homogenizing the mixture of melt-spun Nd-Fe-B ribbons and polymer in an extruder 
(Leistritz ZSE 27 HP 36D) at ≈ 300 °C to obtain 5-mm pellets with the desired composition. 
In the next step, the pellets were dosed into the injection-moulding device (Krauss-Maffei 
KM 30) at ≈ 300 °C to obtain polymer-bonded magnets with a cylindrical shape and a 10-
mm diameter.  
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Figure 3.5: Schematic presentation of the manufacturing process of polymer-bonded 
magnets according to the industrial process (Kolektor KHF) [168]. 

3.2 Hot-Pressing and Hot-Deformation Process 
The processing of hot-pressed (HP) and hot-deformed (HD) magnets from commercial melt-
spun Nd-Fe-B ribbons was performed with a spark plasma sintering (SPS) furnace (Fuji 
Electronic Industrial Dr Sinter SPS Syntex 3000) shown in Figure 3.6. 

 

Figure 3.6: Pressure-assisted pulsed current sintering (SPS) system Fuji Electronic 
Industrial. 

Commercial Nd-Fe-B melt-spun ribbons (Figure 3.7 (a)) with the nominal composition 
Nd30.1Pr0.4Fe62.0Co6.1Ga0.5B0.9 (wt.%) were used for the HD process. The powder was first HP 
into a fully dense magnet using a spark plasma sintering (SPS) furnace. 

 

Figure 3.7: Procedure for preparation of Nd-Fe-B HD magnet from (a) Nd-Fe-B melt-spun 
ribbons, to (b) HP magnet and final product (c) HD magnet. 
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The SPS experiment was performed in a 10-mm graphite mould. To provide good electrical 
contact and prevent damaging the graphite tools, a thin graphite foil (≈200 μm) was placed 
between the sample, mould and punches. The magnet was compacted at an SPS 
temperature 675 °C under a uniaxially applied pressure of 50 MPa in a vacuum (≈ 5×10−2 
mbar). The temperature and pressure regimes are shown in Figure 3.8. The SPS 
temperature was controlled by a K-type thermocouple inserted into the graphite mould at 
the level of the sample. The thickness of the graphite wall splitting the thermocouple from 
the sample was minimal (≈1 mm). A 12:2 on-off direct current (DC) pulse sequence was 
applied to heat the sample. After the sintering process was finished, the pressure was 
immediately released and the mould with the sample was cooled to RT by cooling water 
circulating through the system. 

 

Figure 3.8: Temperature and pressure regimes of HP magnet with nominal target 
temperature of 675 °C and maximum pressure of 50 MPa. 

The HP magnets (Figure 3.7 (b)) were polished to remove the graphite foil and 
subsequently HD (Figure 3.7 (c)) in a 20-mm graphite mould. A thin graphite foil was also 
placed between the sample, mould and punches. The marked temperatures in Figure 3.9 
and Figure 3.10 are the nominal temperatures and serve as an SPS processing parameter. 
The SPS settings and measurement were equal to the HP process described above. 

In this work, several different approaches of processing HD Nd-Fe-B magnets have been 
proposed: 
In the first approach, the alternative method, the SPS technique, has been used to perform 
a hot-deformation process at the temperature and pressure similar to that used in the 
conventional hot-pressing technique. The heating rate from RT to 600 °C was 75 °Cmin-1, 
followed by a lower heating rate of 60 °Cmin-1 and 20 °Cmin-1 in the next to 2 minutes to 
680 °C. In the last minute, the temperature was maintained at the target temperature of 
680 °C, and the maximum pressure of 90 MPa was applied during this holding time. The 
temperature and pressure regimes are shown in Figure 3.9. 
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Figure 3.9: Temperature and pressure regimes of HD magnet with nominal target 
temperature of 680 °C and maximum pressure of 90 MPa. 

In the second case, the SPS technique was used to produce a low-energy-processing HD 
magnet, with the aim of reducing the energy consumption during the processing. The 
heating rate from RT to nominal temperature of 300 °C was 100 °Cmin-1, followed by a 
lower heating rate of 30 °Cmin-1 and 20 °Cmin-1 in the next to 2 minutes to 350 °C. In the 
last minute, the temperature was maintained at the target temperature of 350 °C. The 
higher pressure was initially applied at a nominal temperature of 250 °C, and within 3.5 
minutes, it constantly increased to a maximum pressure of 90 MPa. After the target 
temperature was reached, the sintering process was immediately stopped, and pressure 
released. The temperature and pressure regimes are shown in Figure 3.10. 
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Figure 3.10: Temperature and pressure regimes of HD magnet with nominal target 
temperature of 350 °C and maximum pressure of 90 MPa. 

The last approach to perform a deformation process was to produce the anisotropic bulk 
magnet by low-pressure SPS. The HP magnet was hot-deformed under a constant low-
pressure of 40 MPa with a heating rate of 100 °C/min, and the target temperature was set 
to 680 °C. The temperature and pressure regime are shown in Figure 3.11. In this case, the 
HD magnets with different deformation ratios were prepared to understand the dependence 
of the remanent magnetization on the deformation ratio. The hot-deformation process was 
stopped at different stages, based on the height reduction, at 1 mm, 2 mm, 3 mm, etc. 

 

Figure 3.11: Temperature and pressure regimes of HD magnet with nominal target 
temperature of 350 °C and maximum pressure of 40 MPa. 

The deformation ratio (%) of the HD magnet was calculated based on the following 
definition (Eq. (3.1)): 
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𝐷𝑅 =
௛ಹುି௛ಹವ

௛ಹು
∗ 100%     (3.1) 

where DR represents the deformation ratio (%) and hHP, hHD are the heights of the HP, HD 
magnet (mm). After each HD process, the HD magnet was polished to remove the graphite 
foil. 

3.3 Sample Preparation for Microstructure Characterization 
and Magnetic Measurements 

The edges of the HD magnets were firstly cut to provide a well-shaped sample. The samples 
were cut into square blocks to provide a regular shape for an accurate measurement of the 
magnetic properties. The cutting operations were performed on a precision sectioning saw 
with a BUEHLER IsoMet Low Speed Saw diamond blade. 

 

Figure 3.12: Precision sectioning saw with a diamond blade – BUEHLER IsoMet Low 
Speed Saw. 

For a further SEM microstructural characterization, the cut samples were placed into the 
resin for easier grinding and polishing. The grinding and polishing were performed on a 
metallographic specimen preparation device – Struers LaboPol (Figure 3.13). The grade of 
the polishing paper started with 800 and continued with 1000, 1200, 2400 and 4000. After 
each grade change, the sample was cleaned in an ultrasonic bath to provide clean surfaces 
before further polishing with a higher grade of polishing paper. The final polishing was 
performed with a one-, half- and quarter-micrometre carbon-based slurry. 
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Figure 3.13: Metallographic specimen preparation device - Struers LaboPol. 

After polishing, the surface was chemically etched with 3 M Cyphos solution for 10 s and 
then intensively washed with ethanol. The as-prepared sample was cleaned and dried with 
hot air, before sticking it on the aluminium holder for the SEM characterization. For better 
conductivity, an adhesive carbon conductive tape was put between the holder and the 
sample. If necessary, the sample was coated with the carbon layer to prevent charging. 

For TEM bulk sample investigations, the sample was prepared via conventional 
preparation technique: cut into square blocks of 1.8 x 1.8 mm, perpendicular and parallel 
to the pressing direction. The blocks were fitted into 3-mm brass cylinders using epoxy 
glue to improve strength. The TEM specimen was ground to a thickness of 100 μm and 
dimpled down to 15 μm at the disc centre (Dimple grinder, Gatan Inc., Warrendale PA, 
USA) (Figure 3.14 (a)). To reach the electron transparent region, the TEM specimens were 
finally ion-milled (PIPS, Precision Ion Polishing System, Gatan Inc., USA) (Figure 3.14 
(b)) using 3-kV Ar+ ions at an incidence angle of 8° until perforation. 

 

Figure 3.14: (a) Dimple grinder – model 656 and (b) Precision Ion Polishing System (PIPS) 
– Gatan. 
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3.4 Characterization 

3.4.1 Magnetic properties measurements 
The magnetic properties of the (diffusion processed) melt-spun Nd-Fe-B powder, polymer-
bonded, HP and HD magnets were measured using a Steingroever EP2 permeameter 
(Figure 3.15 (b)) and a Lakeshore 7304 vibrating-sample magnetometer (VSM) (Figure 
3.15 (a)). Before measuring the magnetic properties, all the samples were fully magnetized 
in 5-T magnetic pulser. 

During the magnetic measurements many influences should be considered, that is why 
the estimation of the uncertainty of the magnetic measurements is a complex task. 
However, according to the provider of magnetic-measurement devices, in both above-
mentioned devices, the uncertainty of magnetic measurements is less than 2 % if there is 
no saturation effect of the pole-piece. 

 

Figure 3.15: (a) Vibrating-sample magnetometer – Lakeshore 7304 and (b) Permeameter – 
Steingroever EP2. 

3.4.2 XRD 

The X-ray powder diffraction data of the processed samples were collected with a Malvern 
Panalytical Empyrean X-ray diffractometer (XRD) (Figure 3.16) using monochromated X-
rays, produced by a Cu-target tube (0.15406 nm). The scan range in Bragg angles was 
from 10° to 90° (2θ) and the final XRD data were analysed with HighScore Plus XRD 
Analysis Software. 
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Figure 3.16: X-ray diffractometer - Malvern Panalytical Empyrean. 

3.4.3 SEM and TEM analysis 
The microstructural characterization and compositional analyses were performed using a 
field-emission gun scanning electron microscope FEG-SEM JEOL JSM-7600F (Figure 3.17 
(a)), field-emission gun scanning electron microscope (FEG-SEM) Thermo Fisher, Verios 
G4 HP (Figure 3.17 (b)) and a focused-ion-beam scanning electron microscope (FIB-SEM) 
FEI HeliosNanolab 650. The phases present in the samples were revealed by backscattered 
electron imaging (BSE), while the local chemical composition was analysed by energy-
dispersive X-ray spectroscopy (EDS). 

 

Figure 3.17: Scanning electron microscopes: (a) field-emission-gun scanning electron 
microscope FEG-SEM JEOL JSM-7600F and (b) field-emission-gun scanning electron 
microscope (FEG-SEM) Thermo Fisher, Verios G4 HP. 

The scanning electron microscope (SEM) scans a focused beam of high-energy electrons at 
the surface of the sample to generate a variety of signals (image). The obtained signals 
reveal information about the texture (morphology), chemical composition and crystal 
structure [169], [170].  

Detailed microstructural investigations of the samples were performed by transmission 
electron microscopy (TEM) using a 200-kV microscope (TEM; JEM-2100, Jeol, Japan, 
Figure 3.18). 



3.4. Characterization 55 

 

Figure 3.18: Transmission electron microscope (TEM) – Jeol JEM-2100. 
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4 Results and Discussion 

The Results and Discussion part of the thesis is divided into four different topics that 
comprise two first-author papers, a first author patent application, a last-author paper and 
additional experimental results. The first section of the Results and Discussion includes the 
first-author paper entitled “Magnetic properties and microstructure evolution of hot-
deformed Nd-Fe-B magnets produced by low-pressure spark-plasma sintering”. The second 
topic summarizes the results of an economically efficient method for processing HD Nd-Fe-
B magnets based on SPS. In the third part, a second first-author paper entitled “Significant 
coercivity enhancement of hot-deformed Nd-Fe-B bulk magnets by two-step diffusion 
process using a minimal amount of Dy” is presented. This paper was performed in 
collaboration with National Institute for Materials (NIMS, Japan) and Daido Company 
(Japan). The last section of this chapter includes the first-author patent application 
entitled “A process for improving the magnetic properties of commercial Nd-Fe-B magnetic 
ribbons with a small proportion of intergranular phase and a process for producing polymer-
bonded magnets from these melt-spun ribbons”, which was developed in collaboration with 
Kolektor KFH d.o.o and Kolektor Group d.o.o. Besides the patent application, the last-
author paper performed by Soderžnik et al. is also included in the last part of the Results 
and Discussion. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



58 Chapter 4. Results and Discussion  

 

4.1 Paper “Magnetic Properties and Microstructure 
Evolution of Hot-Deformed Nd-Fe-B Magnets Produced 
by Low-Pressure Spark-Plasma Sintering” 

The following section presents a paper entitled “Magnetic properties and microstructure 
evolution of hot-deformed Nd-Fe-B magnets produced by low-pressure spark-plasma 
sintering”, authored by M. Korent, M. Komelj, S. Šturm, K. Žužek Rožman, K. Žagar 
Soderžnik and M. Soderžnik, which was published in Journal of Magnetism and Magnetic 
Materials, vol. 515, in 2020, p. 167279, (https://doi.org/10.1016/j.jmmm.2020.167279). 

In this work, the HD Nd-Fe-B magnets from commercial MQUF Nd-Fe-B ribbons were 
produced. The SPS technique was used as it enables the implementation of a deformation 
process at the relatively low temperature of 680 °C and a low pressure of 40 MPa compared 
to conventional processes [171], [172]. At this temperature and pressure, a high deformation 
ratio of 75 % is reached, which results in good remanent magnetization of 1.29 T, a 
coercivity of 1077 kA/m and a maximum energy product of 313 kJ/m3. Even though a HD 
magnet is processed at low pressure and short processing time, the accomplished magnetic 
properties are comparable with HD magnets obtained by applying high pressure and 
temperature [171], [173]. 

The initial stages of the HD process were investigated by means of microstructural 
observations and magnetic measurements. HD magnets with different deformation ratios 
(23 %, 34 %, and 46 %) were produced and their remanence dependence on the deformation 
ratios was investigated. In the initial stages of the HD process, the cone-like shape of the 
magnet is observed for the first time. In such a cone-like HD magnet, with 23 % 
deformation ratio, a detailed microstructure characterization was performed. The 
investigation at different regions of a cone-like HD magnet showed various degree of 
alignment of both the ribbons and the grains were detected. 

The experimental data were interpreted in the frame of the Stoner-Wohlfarth model, 
which reproduces the hysteresis response to an external magnetic field. The model 
reproduced the experimental data reasonably well and revealed good magnetic properties 
while applying low pressure, if a phenomenological decrease in the anisotropy constant is 
taken into account. 

 The subject of this manuscript will draw the attention of a wide scientific community 
since high-coercivity heavy-rare-earth-free Nd-Fe-B hot-deformed magnets are timely and 
extensively studied in the field of functional materials and materials synthesis. In addition, 
high coercivity permanent magnets are key materials in the production of electric 
components on the macro and nanoscales. 
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4.2 Paper “Toward Low-Energy Spark-Plasma Sintering of 
Hot-Deformed Nd-Fe-B Magnets” 

In this section, a newly developed, economically efficient method for processing rare-earth 
magnets based on SPS is presented throughout the paper entitled “Toward Low-Energy 
Spark-Plasma Sintering of Hot-Deformed Nd-Fe-B magnets” authored by M. Korent, M. 
Soderžnik, U. Ročnik, S. Drev, K. Žužek Rožman, S. Šturm, S. Kobe, and K. Žagar 
Soderžnik. The article was published in the International Journal of Materials Science and 
Applications, vol. 10, 2021, p. 98-107, (doi: 10.11648/j.ijmsa.20211005.12). 

The spark-plasma-sintering (SPS) method was used to process a hot-deformed (HD) 
Nd-Fe-B magnet with significantly lower energy consumption compared to the 
conventional SPS process. Commercial MQU-F Nd-Fe-B ribbons with nominal composition 
Nd30.1Pr0.4Fe62.0Co6.1Ga0.5B0.9 (wt.%) were used for the fabrication of a magnet with an 
anisotropic microstructure. The ribbons were firstly compacted into a fully dense magnet 
in a 10-mm graphite mould at 675 °C under an applied pressure of 50 MPa. The HP 
magnets were then subsequently hot-deformed in a 20-mm graphite mould at two different 
temperatures and maximum applied pressure of 90 MPa. 

The low-energy processing (LEP) hot-deformed magnet was processed at a nominal 
SPS temperature of 350 °C, meanwhile the high-energy-consumption (HEP) hot-deformed 
magnet at a nominal SPS temperature 680 °C. During the deformation process of low-
energy processing hot-deformed magnet, 0.37 MJ of energy was consumed, which is more 
than three times less than for the high-energy processing hot-deformation process (1.2 MJ). 
Both HD magnets were then post-annealed at 650 °C for 120 min in a vacuum to further 
improve the magnetic properties. 

After the post-annealing process, the low-energy processing hot-deformed magnet 
showed a remanent magnetization of 1.27 T and coercivity of 1327 kA/m (1.67 T). On the 
other hand, the high-energy processing hot-deformed magnet showed a similar coercivity 
of 1337 kA/m (1.67 T) and only 0.04 T higher remanent magnetization (1.31 T). 

A small deficiency in magnetic properties of low-energy processing hot-deformed magnet 
was revealed by the microstructural characterization and statistical analyses, which showed 
a better texture orientation for the high-energy processing hot-deformed magnet and 
indicated the reason for the lower remanent magnetization and reduced squareness in the 
case of the low-energy processing. The results also show that although the low-energy-
processing hot-deformed magnet was processed with a three-times-lower energy 
consumption, the maximum energy product is only 8 % lower than the maximum energy 
product of the high-energy processing hot-deformed magnet. 

In this work, we have shown that the hot-deformed magnet can be produced with 
significantly lower energy consumption if one applies a proper method for its fabrication. 
However, further studies are needed to further resolve and even more improve the magnetic 
properties of hot-deformed magnets. 
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4.3 Paper “Significant Coercivity Enhancement of Hot-
Deformed Nd-Fe-B Bulk Magnets by Two-Step 
Diffusion Process Using a Minimal Amount of Dy” 

The next paper, entitled “Significant coercivity enhancement of hot-deformed Nd-Fe-B 
bulk magnets by two-step diffusion process using a minimal amount of Dy” and authored 
by M. Korent, X. Tang, H. Sepehri-Amin, K. Hioko, K.Z. Soderžnik, S. Kobe, A. Hattori, 
T. Ohkubo, K. Hono was published in Scripta Materialia, vol. 205, 2021, p.114207, 
(https://doi.org/10.1016/j.scriptamat.2021.114207). 

Recently, Tang et al. introduced a novel method, the so-called two-step eutectic grain 
boundary diffusion process, where they treated a 5.6-mm thick HD magnet, and obtained 
a uniform microstructure [161]. In the first step, the HD magnet was GBDP with the 
addition of a low-melting-point Nd40Tb20Dy10Cu10 diffusion source, followed by 2nd step 
eutectic GBDP using Nd80Cu20. Due to the uniform microstructure, they improved the 
demagnetization curve's squareness, enhanced the processed magnet's coercivity from 0.91 
T (725 kA/m) to 2.43 T (1934 kA/m), and the preserved the high remanence close to 1.3 
T [161]. 

In this work, the main question was if in a two-step diffusion process comparable 
magnetic properties without using expensive Tb and minimum use of Dy can be obtained 
or not? The potential of a two-step grain boundary diffusion process was further exploited, 
using the Nd50Dy30Cu20 alloy as the 1st step diffusion source followed by Nd-Cu diffusion as 
the 2nd step diffusion. The ICP-OES analysis showed that the final two-step diffusion 
processed HD magnet contained only 0.45 wt.% of Dy. 

Measurements of the magnetic properties showed a significant enhancement of 
coercivity from 1.1 T (875 kA/m) to 2.5 T (1990 kA/m), while maintaining a large 
remanent magnetization of 1.32 T. The magnetic properties were compared to HRE and 
HRE-free HD Nd-Fe-B magnets and to commercially available HRE-alloyed and HRE-
GBD processed sintered Nd-Fe-B magnets. The benchmark figure revealed that the 
magnetic properties of our two-step diffusion-processed HD magnet are close to the trend 
of commercially available Tb grain boundary diffusion processed sintered magnet and 
superior to the trend of the commercial Dy-alloyed sintered magnets. Besides, excellent 
magnetic properties at room temperature, the HD magnet possessed good thermal stability 
of coercivity (β= –0.413 %/°C), which is better than that of HRE-GBD processed sintered 
magnets (β= –0.5 %/°C) [174]–[177]. 

The microstructure characterization after the 1st step diffusion of Nd50Dy30Cu20 revealed 
the formation of the Dy-rich layer at the grain surface and thick (H)RE-rich intergranular 
phases at the surface of the bulk magnet, which was attributed to the high coercivity [177]. 
In the 2nd step the diffusion of Nd-Cu not only made a more uniform distribution of Dy, 
but also led to stronger exchange-decoupling of the grains by the formation of Nd-Dy-rich 
intergranular phase through the entire volume of the magnets. Due to the uniform 
microstructure, a further improvement of the coercivity and its thermal stability was 
reached.  

In the end, this work made a significant step forward with the two-step diffusion process 
in terms of economic issues and showed great industrial interest. 
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4.4 A Process for Improving the Magnetic Properties of 
Commercial Nd-Fe-B Magnetic Ribbons with a Small 
Proportion of Intergranular Phase and a Process for 
Producing Polymer-Bonded Magnets from These Melt-
Spun Ribbons 

In this section, an invention that relates to the improvement of the magnetic properties 
(coercivity) of a commercial magnetic melt-spun Nd-Fe-B ribbons with a small 
intergranular phase fraction and a process for the production of polymer-bonded magnets 
by diffusion of a low-temperature eutectic alloy (Nd-Cu) is presented. The coercivity of the 
commercial Nd-Fe-B powder is not satisfactory for certain applications, while commercial 
powders for the fabrication of polymer-bonded magnets with high coercivity are 
significantly more expensive due to the added HRE. This invention presented an 
improvement of the magnetic properties (coercivity) of economically more favourable melt-
spun Nd-Fe-B ribbons with a very small proportion of intergranular phase. The solution 
for coercivity enhancement was the diffusion of the low-temperature eutectic alloy (Nd-
Cu), which resulted in a 15 % coercivity improvement of the final polymer-bonded magnet 
compared to that prepared from a standard, low-cost magnetic melt-spun Nd-Fe-B ribbons 
[168]. 

4.4.1 Selection of material for GBD processing 
Usually, the initial selection of the material for the GBDP of sintered Nd-Fe-B magnets is 
a HRE element (Tb or Dy), due to the significant improvement of the coercivity via 
diffusion processing. However, in the case of working with melt-spun Nd-Fe-B ribbons, the 
HRE-GBDP is not an appropriate approach for coercivity enhancement. Soderžnik et al. 
[118] explained the backwards of the HRE-GBDP of melt-spun Nd-Fe-B powder. There, 
the GBDP was initiated by electrophoretic deposition (EPD) with different amounts of 
DyF3 on the melt-spun Nd-Fe-B ribbons. 

The coercivities of the melt-spun Nd-Fe-B ribbons (Nd30.1Pr0.4Fe62.0Co6.1Ga0.5B0.9) (wt.%) 
with the addition of various amounts of DyF3 heat-treated at 650 °C for different times are 
shown in Figure 4.1. From the chart, the highest coercivity enhancement from 2.03 T (1615 
kA/m) to 2.19 T (1742 kA/m) was achieved by the addition of 0.5 wt.% of DyF3 and heat 
treatment at 650 °C for 60 min in vacuum. Besides, with the addition of a higher amount 
of DyF3 the coercivity enhancement was lower, which was already observed by Žagar et 
al., who proved that a larger addition of HRE does not necessarily provide a higher µ0Hc 
[178]. They found that the drop of µ0Hc is related to the formation of NdF3, which negatively 
affects the diffusion along the grain boundaries and the substitution of Dy for Nd in the 
Nd2Fe14B matrix phase. To understand how the microstructural feature is related to the 
magnetic properties of improved melt-spun Nd-Fe-B powder with the addition of DyF3 and 
heat treated at 650 °C for 60 min, a detailed microstructural analysis was performed [118]. 
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Figure 4.1: Coercivity dependence on the amount of DyF3 and heat-treatment time [118]. 

Figure 4.2 (a) shows bright-field transmission electron microscopy (BF-TEM) image of 
TEM lamella, (b) region with single Nd2Fe14B grain where the EDS analysis was performed, 
and (c) corresponding qualitative EDS line scan analysis. The latter showed the increased 
concentration of Dy at the surface layer of the Nd2Fe14B matrix grain, which implies the 
formation of Dy-shell with a large magnetocrystalline anisotropy [140]. The thickness of 
the Dy-rich shell, detected by EDS analysis, was, however, rather small ~ 4 nm [118]. After 
the diffusion of Dy from the surface toward the center along the GBs, there were two 
possible mechanisms for the formation of the Dy-rich shell at the surface layer of Nd2Fe14B 
matrix grain – either by the exchange of Nd for Dy below the melting point of the ternary 
eutectic temperature (~ 685 °C) or by cooling from the melting point of the ternary eutectic 
temperature [150], [151], [179]. 

 

Figure 4.2: (a) BF-TEM image of GBDP melt-spun Nd-Fe-B powder with the addition of 
DyF3, (b) region with single Nd2Fe14B grain, showing where the EDS line scan analysis was 
performed, and (c) chart with qualitative EDS line scan [118]. 

To answer the question about the efficiency of the GBDP, the thickness of the GBs of 
sintered Nd-Fe-B magnets (Figure 4.3 (a),(b)) was compared with the thickness of the GBs 
of melt-spun Nd-Fe-B ribbons (Figure 4.3 (c),(d)). From the image, it can be seen as a 
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rather thick Nd-rich GB phase in sintered Nd-Fe-B magnet, while thin and dry GBs were 
found in melt-spun Nd-Fe-B powder. Straumal et al. [180] studied the phenomena of the 
wetting and contact angle, which are modified with the addition of DyF3 in the GBs. 
Especially, GB wetting appeared to be a pseudopartial type after the addition of Dy [181]. 
In the end, our microstructural characterizations suggested that for an effective diffusion 
process and reaching high coercivities via Dy-rich shell formation, a sufficient GB phase 
should be present in the structure. Consequently, the commercial melt-spun Nd-Fe-B 
ribbons cannot fully utilize the potential of HRE-GBDP, due to their microstructural 
limiting factors – thin and dry GBs [118]. 

 

Figure 4.3: BF-TEM images with labelled grain-boundary thickness of (a) and (b)GBDP 
sintered Nd-Fe-B magnet with the addition of DyF3 and, (c) and (d) GBDP melt-spun Nd-
Fe-B ribbons with the addition of DyF3 [118]. 

The thin and dry GBs of melt-spun are not the only reason not to choose the HRE-GBDP 
in our invention. This method is well developed in the field of commercial sintered Nd-Fe-
B magnets. However, as mentioned in the Introduction, the conventional HRE-GBDP 
[128], [130] is hard to apply in the case of the melt-spun Nd-Fe-B ribbons since high-
temperature annealing (above 900 °C) is required, which results in substantial grain growth 
of ultrafine-grained melt-spun powder and consequently deterioration of magnetic 
properties [114], [136]. Figure 4.4 shows the demagnetization curves of melt-spun Nd-Fe-B 
ribbons with the addition of 2 wt.% of DyF3 heat-treated at 650 °C and 700 °C for 60 min 
in vacuum. It can be seen that the deterioration of coercivity at 700 °C, which implies that 
already this temperature was the edge temperature for diffusion processing of melt-spun 
Nd-Fe-B ribbons with this composition. 
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Figure 4.4: Demagnetization curves of melt-spun Nd-Fe-B ribbons with the addition of 2 
wt.% of DyF3 heat-treated at 650 °C and 700 °C for 60 min in vacuum. 

Even though we used in our invention melt-spun Nd-Fe-B ribbons with a different 
composition, the temperatures used for conventional HRE-GBDP are still too high. That 
is why another way to enhance the room-temperature coercivity had to be found. To bypass 
the grain coarsening, Sepehri-Amin et al. presented a solution with the engineering of GB 
phase by low-temperature GBDP in HD Nd-Fe-B magnets that were developed to improve 
the coercivity of HDDR powder [135], [163]. He used low-temperature eutectic alloy (Nd-
Cu) without HRE in order to form a non-ferromagnetic phase in GBs and increase the 
coercivity without inducing grain coarsening [39], [163]. Based on the above-mentioned 
reasons, in this work, we decided to use low-temperature GBDP to increase the coercivity 
of commercial melt-spun Nd-Fe-B ribbons. The non-ferromagnetic alloy used for the 
diffusion process was Nd-Cu, with eutectic composition Nd70Cu30 (at.%) and melting 
temperature 520 °C [167]. 

4.4.2 Magnetic properties of improved melt-spun Nd-Fe-B powder and 
final polymer-bonded magnets 

Based on the coercivity improvement of melt-spun Nd-Fe-B ribbons and economically 
efficient diffusion processing, we determined the processing time of 30 min and selected 
between three different temperatures shown in Figure 4.5. The graph shows that 700 °C 
was the most appropriate temperature for diffusion processing because even for the small 
addition of Nd-Cu alloy (3 wt.%), the coercivity is enhanced by almost 14 % [168]. 
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Figure 4.5: Coercivity dependence on the amount of Nd-Cu and heat-treatment 
temperature. 

Figure 4.6 shows a comparison of the demagnetization curves of commercial melt-spun Nd-
Fe-B ribbons with nominal composition Nd26.4Fe67.6Co5.0B1.0 (wt.%) and of commercial melt-
spun Nd-Fe-B ribbons with the addition of various amounts of Nd70Cu30 eutectic alloy 
diffusion processed at 700 °C for 30 min in vacuum. The shape of the demagnetization 
proves that during the processing a reaction and the formation of a new phase occurred. 
There are two different phases present, after the diffusion process confirmed by the knee 
or bend in the demagnetization curve, which was already reported in many previous studies 
[182]–[184]. The highest coercivity, close to 1500 kA/m (1.88 T), was achieved by the 
addition of 7.5 wt.% of Nd-Cu alloy. However, this coercivity enhancement is achieved at 
the expense of remanence. In the case of the addition of 7.5 wt.% of Nd-Cu, the remanence 
decrease by 17 % due to the infiltration of the non-ferromagnetic phase (Nd-Cu) into the 
system and consequently an increase of the volume fraction of the non-ferromagnetic phase, 
which leads to the dilution of ferromagnetic phase [103], [159], [185]. To minimize the 
reduction of remanence, the volume fraction of the non-ferromagnetic intergranular phase 
was optimized. In the end, we choose the addition of 3 wt.% of Nd-Cu for further processing 
of polymer-bonded magnets. In this case, the coercivity increased by almost 14 %, 
meanwhile, the remanence decreased by less than 6 % [168]. 
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Figure 4.6: Demagnetization curves of melt-spun Nd-Fe-B ribbons and melt-spun Nd-Fe-
B ribbons with the addition of various amounts of Nd70Cu30 eutectic alloy diffusion 
processed at 700 °C for 30 min in vacuum [168]. 

Figure 4.7 shows demagnetization curves of the Nd-Fe-B polymer-bonded magnet and of 
Nd-Fe-B polymer-bonded magnets with the addition of 3 wt.% of Nd70Cu30 processed by 
laboratory and industrial processes. The polymer-bonded magnet prepared from the 
standard melt-spun powder was industry processed and shows very similar properties to 
one prepared in the laboratory. The coercivity of laboratory-processed improved polymer-
bonded magnet was enhanced from 750 kA/m (0.95 T) to 855 kA/m (1.08 T) and the 
remanence decreased by only ≈ 7 % (from 0.52 T to 0.48 T). On the other hand, industry 
processed improved polymer-bonded magnet showed an even higher increase of coercivity 
from 750 kA/m (0.95 T) to 900 kA/m (1.13 T), while the remanence decreased slightly 
more – from 0.52 T to 0.43 T. However, the origin of the difference of magnetic properties 
is not in the way of processing the polymer-bonded magnet, but in the composition of the 
melt-spun Nd-Fe-B ribbons after diffusion processing, which is not homogeneous anymore. 
Due to the different particle sizes of melt-spun Nd-Fe-B ribbons and Nd-Cu powder, and 
uneven distribution of both powders after mixing them, the diffusion of Nd-Cu did not 
take place uniformly over the whole sample of melt-spun Nd-Fe-B ribbons. The result was 
a small fluctuation in the magnetic properties, which was not decisive, as all samples 
showed at least a ≈ 14 % enhancement of coercivity [168]. 
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Figure 4.7: Demagnetization curves of Nd-Fe-B polymer-bonded magnet and of Nd-Fe-B 
polymer-bonded magnets with the addition of 3 wt.% of Nd70Cu30 processed in laboratory 
and in the industrial process [168]. 

4.4.3 Microstructure characterization of improved melt-spun Nd-Fe-B 
ribbons 

The SEM image at low magnification was employed to check whether the diffusion 
processing of Nd-Cu was working properly. Figure 4.8 shows the microstructure of a 60-
μm melt-spun Nd-Fe-B particle diffusion processed at 700 °C – above the melting point of 
Nd70Cu30 eutectic alloy (520 °C) [167]. The image proves that Nd-Cu diffusion took place 
during heat treatment since the Nd-Cu alloy enveloped almost half of the melt-spun Nd-
Fe-B particle [168]. 

 

Figure 4.8: The microstructure of melt-spun Nd-Fe-B ribbons with the addition of Nd-Cu 
eutectic alloy [168]. 
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Figure 4.9 shows the FIB-SEM image of the microstructure at higher magnification, where 
the diffusion of Nd-Cu into the interior of the particle is visible. After the diffusion process 
the melt-spun Nd-Fe-B particle is assembled of fine Nd2Fe14B grains and large Nd2F14B 
grains and we have two explanations for this phenomenon. Li et al. reported that the grain 
growth of large grains was attributed to Nd-Cu alloy which became liquid at diffusion 
processing temperature 700 °C [186]. During the diffusion processing, the liquid Nd-Cu 
alloy diffused into the melt-spun Nd-Fe-B particle along the grain boundaries and promotes 
the grain growth at the outer part of the particle due to higher diffusion efficiency in the 
liquid alloy [186]. On the other hand, the two distinct grain zones after heat treatment of 
melt-spun Nd-Fe-B ribbons have also been reported by Fujimoto et al. [187]. They claim 
that the solidification velocity during melt spinning is faster on the wheel side than on the 
free side, resulting in more lattice defects such as vacancies at the wheel side. During the 
heat treatment, such defects migrate and assist in a rapid diffusion, which promotes the 
faster growth of grains on the roll side [187]. 

 

Figure 4.9: The microstructure of melt-spun Nd-Fe-B ribbons with the addition of Nd-Cu 
eutectic alloy at high magnification [168]. 

A detailed analysis of the microstructure of HD magnets prepared from melt-spun Nd-Fe-
B ribbons showed that the intergranular phase is composed of more than 50 at.% of Fe 
and Co as pure metals, which indicates that this phase is ferromagnetic [107].  
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Figure 4.10: (a) The region of the microstructure of melt-spun Nd-Fe-B ribbons with the 
addition of Nd-Cu eutectic alloy, showing where the EDS analysis was performed, (b) 
corresponding qualitative EDS line scan [168]. 

Figure 4.10 (a) shows a FIB-SEM image of diffusion processed melt-spun Nd-Fe-B particle 
where the region of interest for EDS analysis (Figure 4.10 (b)) was selected. The EDS 
quantitative analysis showed increased concentration of Nd inside of the melt-spun Nd-Fe-
B particle. This implies that the intergranular phase after the diffusion process became 
thicker and Nd-rich, which changed its composition and reduced the amount of 
ferromagnetic elements [163]. This microstructural change increased the depinning field 
which implies that a decreased concentration of ferromagnetic elements greatly enhanced 
the pinning strength of the intergranular phase and consequently increased the coercivity 
[163]. In other words, coercivity was effectively increased by adding a non-ferromagnetic 
isolation phase around the ferromagnetic grains, which weakened the intergrain exchange 
coupling [188]. 
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Chapter 5 

5 Conclusions 

In this thesis, four different topics with one common point, i.e., the initial material, are 
individually presented. The first section shows an alternative way of producing a HD 
magnet with good magnetic properties using a low-pressure, unconventional, spark-plasma 
sintering technique, in analogy with PLP. The hot-deformed (HD) Nd-Fe-B magnets were 
processed from commercial melt-spun Nd-Fe-B ribbons at 680 °C under a low pressure of 
40 MPa. This method enabled the production of HD magnets in a short processing time, 
which means that the grain growth of the HD magnet was inhibited. With moderate 
temperature and low pressure, a uniform non-ferromagnetic grain-boundary phase around 
the Nd2Fe14B matrix grains was obtained. The final HD magnet with a deformation of 75 
% showed a remanent magnetization of 1.29 T and a coercivity of 1077 kA/m (1.35 T) and 
a maximum energy product of 313 kJ/m3, which is comparable with conventional HD 
methods, where high pressure and high temperature are needed. To understand the 
behaviour of the magnetic properties and microstructure evolution in the initial stages of 
the deformation process, HD magnets with different deformation ratios (23 %, 34 %, 46 %, 
57 % and 75 %) were produced and their dependence of remanence on the deformation 
ratio was determined. The magnetic properties of HD magnets with different height 
reductions showed an enhancement of the remanent magnetization and deterioration of the 
coercivity with increasing deformation ratio. FIB BS microstructure characterization 
showed three different zones with a gradual texturing from the top toward the bottom in 
a cone-like shape HD magnet. In parallel with the experimental data, a simple Stoner-
Wohlfarth model was employed to interpret the reciprocity between the positive effect of 
the HD process due to grain alignment and the negative impact of grain-boundary 
deterioration. 

By continuing with HD processing, in the second section LEP (low energy processing) 
and HEP (high energy processing) HD magnets were processed using the same SPS 
technique, which is a significantly lower energy consumption technique regarding the 
conventional HD processing method. I investigated the microstructural and magnetic 
properties of LEP and HEP HD magnets and performed a detailed analytical comparison. 
Prior to the characterization, the post-annealing step of both HD magnets was performed 
to further enhance the magnetic properties. An LEP HD magnet inhibits just 0.04 T lower 
remanent magnetization than a HEP HD magnet (1.31 T). After post-annealing, both 
magnets’ coercivity values are similar: 1325 kA/m (1.67 T) for the LEP HD and 1337 
kA/m (1.67 T) for the HEP HD. A minor deficiency in magnetic properties in the LEP 
HD magnet was revealed by statistical analyses, which showed a better texture orientation 
for the HEP HD magnet. The results indicated a slightly lower remanent (1.27 T) 
magnetization and reduced squareness (77 %) for the LEP HD magnet. 
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In a collaboration with NIMS and Daido, I performed a recently developed two-step 
GBDP on thick (5.6 mm) HD Nd-Fe-B magnets. Nd50Dy30Cu20 alloy as a diffusion source 
was used in the 1st step followed by the 2nd step of Nd-Cu diffusion. A coercivity of 2.50 T 
(1990 kA/m) with a remanent magnetization of 1.32 T was achieved with only the 
consumption of 0.45 wt.% Dy. The properties of the Dy-diffusion processed magnet in this 
work are close to the trend of Tb-diffusion processed sintered magnets and superior to that 
of commercial 5 wt.% Dy-containing commercial sintered magnets. Substantial reduction 
of Dy usage from 5-6 wt.% to 0.45 wt.% shows the great economic impact of a two-step 
diffusion process. Moreover, owing to the ultra-fine grain size of the developed HD magnets 
in this work, the non-ferromagnetic nature of the grain-boundary phase, and formation of 
Dy-rich shell, we have successfully realized the good thermal stability of coercivity (β = –
0.413 %/°C), which is superior to that of HRE-GBD processed sintered magnets (β = –0.5 
%/°C). The detailed microstructure analysis of two-step diffusion processed HD magnet 
revealed the formation of Dy-rich (Nd1–xDyx)2Fe14B grain with thick (H)RE-rich 
intergranular phases at the surface of the bulk magnet, which were attributed to high 
coercivity after the 1st step diffusion of Dy-Nd-Cu. In the 2nd step diffusion of Nd-Cu not 
only made a more uniform distribution of Dy but also led to stronger exchange-decoupling 
of grains by the formation of Dy-Nd-rich intergranular phase through the entire volume of 
magnets and further improving the coercivity to 2.50 T and thermal stability of coercivity 
(β = –0.413 %/°C). This work made the two-step diffusion process a significant step 
forward in terms of economic issue and showed great industrial interest. 

The possibility of the coercivity improvement is not only by the GBDP in the final bulk 
magnet but also by the GBDP in initial melt-spun Nd-Fe-B ribbons. In collaboration with 
Kolektor Group d.o.o and Kolektor KFH d.o.o, an invention that relates to an improvement 
of the magnetic properties (coercivity) of a commercial magnetic melt-spun Nd-Fe-B 
powder with a small intergranular phase fraction and a process for the production of 
polymer-bonded magnets by GBDP of a low-temperature eutectic alloy (Nd-Cu) is 
presented. The coercivity of the commercial Nd-Fe-B ribbons is not satisfactory for certain 
applications, while commercial ribbons for the fabrication of polymer-bonded magnets with 
high coercivity are significantly more expensive due to the added Dy. This invention was 
therefore focusing on an improvement of the magnetic properties (coercivity) of a 
commercially significantly more favourable melt-spun Nd-Fe-B ribbons with a small 
proportion of intergranular phase, by low-temperature eutectic alloy (Nd-Cu) diffusion for 
manufacturing the polymer-bonded magnets with up to 15 % higher coercivity compared 
to that prepared from a standard low-cost magnetic melt-spun Nd-Fe-B ribbons. From an 
economic point of view, it is not only important the low processing temperature, but also 
the added amount of non-ferromagnetic alloy. Because it contains expensive and strategic 
RE elements, a more significant addition of low-temperature eutectic alloy can represent 
an additional cost. Therefore, the process was optimized so that the additive was as small 
as possible (3 wt.% of Nd-Cu alloy) with the desired coercivity improvement achieved. 
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