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Neodymium-Ilron-Boron (Nd-Fe-B) magnets were developed in the 1980s, and since
then, they have appeared as a common component in many fields. From the industry
to consumers or defense applications, from turbines, computers, cellphones to most
audio systems, Nd-Fe-B magnets are present everywhere. But when Nd-Fe-B magnets
are applied to the motors of electric vehicles and wind-turbine generators, their
temperature rises, therefore Nd-Fe-B-Dy magnets are used. However, while the use
of these magnets is common at low temperatures, their properties decrease
dramatically with the increase of temperature. In this paper, the Nd-Fe-B-based
samples used were prepared by using arc melting, melt spinning, annealing (600-
800°C, 10-20min), spark-plasma sintering (700°C, 30-40s), hot deformation, and grain
boundary diffusion (Nd7oCuso, Pr-Cu-Al, Nds2Dy20Al1s). The objective of this paper is to
get a better understanding of the magnetic properties (coercivity, remanence, energy
product) of these magnets under different temperatures and with slightly different

compositions and processes in order to find a correlation between them.
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1. Introduction

1.1. Magnetism historical background

Magnetism goes way back, through almost 3000 years of history. Starting in
Ancient Greece and China, the lodestone, a type of iron ore called magnetite (Fe304)
used for compasses or “south-pointer”, is considered as the first use of magnets in
history. Nevertheless, the Greeks were the ones who first started to write about the
properties of magnetic iron FeO-Fe,03 and the lodestone around 800 BC [1]. After a
millennium of science and philosophy, Europeans knew that lodestone attracted
iron, and that this attractive power was limited to a certain distance, but not that the
strength of the attraction was decreasing with the distance itself. In the meantime,
most likely in Egypt, the phenomenon of magnetic repulsion was discovered. [2] To
summarize magnetism history, we can divide it into seven “ages” as shown in Table 1
[3], where the achievements are listed with the representative materials used in
each period. In 1820, the Danish physicist H. C. Oersted demonstrated that a
current-carrying wire produced a circumferential field capable of deflecting a
compass needle, concluding that there is a relation between magnetism and
electricity. In 1830, M. Faraday discovered that a changing magnetic field produces a
current in a coil of wire and described the notion of magnetic field. The age of
understanding marked a difference since it led to the commercialization of magnetic-
based technologies around the world. [3] Magnetic research has been growing with
time, especially during the 20th century, and new improvements keep coming, since

fundamental understanding is not always necessary for that to happen. Indeed, the
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desire for discovery, understanding, optimization and improvement is expected to

continue in the future.

Table 1: The seven ages of magnetism

Age Time Material Achievements Applications/Devices
Ancient 1000- Iron, Force field, South-pointer,
1500 Lodestone induced compass
magnetism,
thermo-
remanence
Early 1500- Iron, Earth’s field Dip circle, Horseshoes
1820 Lodestone magnet
Electromagnetic | 1820-  Electrical Electromagnetic Motors, generators,
1900 steel induction, telegraph, wireless
Maxwell’s magnetic recording
equations
Understanding | 1900-  Al-Ni-Co Spin, exchange
1935 Alloys interactions
High frequency | 1935-  Ferrites Microwaves Radar, television,
1960 magnetic resonance
imaging
Applications 1960- Nd-Fe-B, New materials Consumer electronics
1995 Sm-Co miniaturization
of magnetic
circuits
Spin electronics | 1995-  Multilayers Thin films High density magnetic
devices recording




1.2. Fundamentals of magnetism

1.2.1. Units

There are two different systems of units used to express the magnetic properties

listed in Table 2: the SI-Unit system (meter, kilogram, second) and the cgs-emu

system (centimeter, gram, second, electromagnetic unit of magnetic moment).

Concerning this thesis, the cgs-emu system is used for the results.

Table 2: Magnetic Units for Sl and cgs-emu system

13

Quantity symbol Sl-unit cgs-emu unit
Magnetic field strength H Ampere/m [A/m] Oersted [Oe]
Magnetic induction B Tesla [T] Gauss [G]
Magnetic moment m Ampere m? emu
[A.m?]

Magnetization M Weber/m? emu/cm3

[Wb/m?]
Permeability i Henry/m [H/m] Gauss/Oersted [G/Oe]

1.2.2. Magnetic moment

Electric currents and magnetized materials are two sources of magnetic fields, but

the real origin of magnetism originates at the atomic level. There are many electrons

in an atom, and they are revolving around the nucleus in their respective obits as

well as spinning around their own axes. Note that an electron is punctual and thus

cannot actually spin. The spin moment is intrinsic to the particle. This is further
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shown by the fact that the spin of an electron does not derive from impulse or

position variables. If it did, it would be an integer like the orbital moment.

These movements create small magnetic fields with a magnetic moment shown
respectively as vectors along the axis of the orbital motion and along the spin axis
either up or down depending on the direction of its respective motion (right hand
rule applies) [4] as shown in Figure 1. The interaction between these two moments is
called spin-orbit coupling. The summation of the magnetic momentum of each
individual orbital motion and spin motion gives us the net magnetic moment of an

atom.

Magnetic Moment Magnetic Moment
#» /— Electron
&
Electron
Mucleus
Orbital Motion Spin Motion

Figure 1: Magnetic moments due to orbital and spin motion

—e

The magnetic moment is calculated by using the equation m = 5 L where e is the

me
unit of elementary charge, L is the angular momentum and me is the mass of an

electron.

According to the Pauli exclusion principle, each atomic orbital may only be occupied
by a maximum of two electrons, and the electrons in the same atomic orbital must
have opposite spin which results in a cancellation of the spin and orbital moments,

but most materials do not have full occupation of their orbitals. If a material is
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composed of atoms with a cancellation of spin and orbital moments, it will be unable
to be permanently magnetized. Thus, the net magnetic moment of an atom has
three contributions: the electronic spin, the angular moment, and the change in the
orbital angular moment due to an external applied field. [5] If all the magnetic
moments are random and their resultant magnetic moment is zero then this
situation is called diamagnetism. On the contrary, if there is a resultant magnetic
moment, it means that there is magnetization. The material can be paramagnetic,
ferromagnetic, or antiferromagnetic, depending on the strength of the resultant

moment and the orientation of spins. [5]
1.2.3. Types of magnetism

Diamagnetic materials are characterized by having a magnetic field response only
when an external field is applied and being non-permanent magnets. Under an
applied magnetic field, the magnetic moment is opposed to the applied field as
shown in Figure 2. Common diamagnetic materials are copper, silver, carbon, lead,

etc. [6]

No applied Applied
magnetic field magnetic field

Q000 BB
0000 OO
OO00 OO
0000 0000

Figure 2: Atomic dipole configuration with and without an external applied field in the case of a
diamagnetic material
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Paramagnetic materials have atomic magnetic dipoles randomly oriented and have a
zero-net magnetic moment, but under an applied field, they will have a magnetic
moment in the same direction as the applied field as shown in Figure 3. Common

paramagnetic materials are aluminum, magnesium, tungsten, etc. [6]

No applied Applied
magnetic field magnetic field

QOO OO
QOO 0LV
OO0 00000
QOO 0000

Figure 3: Atomic dipole configuration with and without an external applied field in the case of a
paramagnetic material

Ferromagnetic materials have small regions where the magnetic dipoles are aligned
resulting in a saturation magnetization inside each region called domain. Thereis a
tendency for magnetic moments to orient themselves parallel to each other in
addition to an external field. Common materials are cobalt, nickel, and some rare-
earth materials.

Like ferromagnetic materials, ferrimagnetic materials can retain magnetization after
the applied field is removed. But for ferrimagnets, the electrons tend to align
themselves in opposite directions. However, the magnetic moments are different in
magnitude so there is a net magnetic moment (Figure 4). Ferromagnetic and
ferrimagnetic materials will become paramagnetic above the Curie temperature.
Antiferromagnetic materials have antiparallel dipoles which have the same

magnitude resulting in a zero-net magnetic moment (Figure 4). Moreover, they react
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like paramagnetic materials under an applied field and become paramagnetic above
the Neel temperature, but they cannot retain their magnetization when the applied
field is removed. Common antiferromagnetic materials are chromium and

manganese.

— — —3> — —>
el —p df—
— — — — —
— —> — —> —
—_— = =3 = —>
— = — = —
“ — &« — <«
—_ e — e —>
“« — « — «
—_— = - = —>

Figure 4: Representation of antiferromagnetic material (left) and ferrimagnetic material (right). The
arrows represent the direction and magnitude of the atomic moments

1.2.4. Magnetic field, magnetic induction and magnetization

When a magnetic field H is applied to a material, the response of the material is
called magnetic induction B. The equation relating B and H is as follows: [7]

B =H +4ntM
where M is the magnetization of the medium. The magnetization itself is defined to

be the magnetic moment per unit of volume:
v m
%

The ratio of M to H is called susceptibility () and it indicates how responsive a

material is to an applied magnetic field.

X:

T| X
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The ratio of B to H is called permeability () and it indicates how permeable the

material is to the magnetic field.
P14
1.3. Magnetic properties and characterization

1.3.1. Saturation magnetization

The saturation magnetization is the state in which the magnetization of the material
no longer increases with the increase of the applied external magnetic field and the
magnetization becomes stable. Moreover, the saturation magnetization is equal to
the product of the net magnetic moment for each atom and the number of atoms

present.
1.3.2. Hysteresis

Ferro- and ferrimagnetic materials retain their magnetization in the absence of a
field. Moreover, reducing the field to zero does not reduce the magnetization of a
magnet to zero which leads to a nonlinear response of its magnetization (M). This
phenomenon is called a hysteresis loop. The B versus H graph is a typical hysteresis

loop as shown in Figure 5. [8]



19

Magnetic induction

B
— Saturation Bmax
P ES
Remanence ¢
\ ; +Br P
¢’
4
s
¢ N\
Coercivity ’
-H — — H
-Hc +Hc Applied Field
-Br
Saturation -Bmax
-B

Figure 5: Typical B versus H hysteresis loop

The ferromagnetic magnets can have different types of hysteresis loops depending
on their characteristics. Indeed, a low coercivity, high saturation magnetization, high
remanence, and low energy product characterizes a soft magnet. Therefore, the
hysteresis loop is narrow and thin. On the contrary, a hard magnet has a high
coercivity, low saturation magnetization, low remanence, and high energy product.

See Figure 6.

Therefore, the properties of a magnetic material could be optimized by forming a two-

phase material with a soft and a hard magnet phase.
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L

Figure 6: Characteristic hysteresis loops of a soft magnet (narrow and think) and a hard magnet (thick
and large). The dashed loop would be the ideal magnet.

1.3.3. Coercivity

To reduce the magnetization to zero, an external magnetic field has to be applied in
the opposite direction. The coercivity is the intensity of the reversed field that makes
the magnetization equal to zero; therefore it represents the ability of a
ferromagnetic material to withstand an external magnetic field without becoming

demagnetized. See Figure 5. [9]

1.3.4. Remanence

The remanence is a measurement of the magnetic induction that remains in the

magnet when the applied field is equal to zero. See Figure 5.

1.3.5. Energy product
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The energy product [kJ/m3] or [MGOe], is a measurement of the maximum amount
of magnetic energy stored in a magnet. Its value is obtained with the maximum value
of the product of the magnetic induction (B) and the applied magnetic field (H):
(BH)max. By using B = H + 4mM with csg-emu units, we can determine the energy
product. The (BH)max is the largest rectangle within the second quadrant of the BH

curve shown in Figure 7. [8]

Magnetic induction

(BH)max /

Applied
magnetic field

Figure 7: BH curve and energy product

Therefore, to obtain a better energy product, the coercivity and the remanence have

to be optimized.

1.4. Types of anisotropy

The anisotropy is the origin of hysteresis and coercivity, and the anisotropy energy

densities are very different for a soft magnet (0.0005 MJ/m3) and a rare-earth



22
permanent magnet (more than 10 MJ/m3). [10] There are different types of

anisotropy:

e Magnetocrystalline anisotropy is an intrinsic property and the most common
source of anisotropy in a magnetic material. It involves electrostatic crystal-
field interaction and relativistic spin-orbit coupling. Simply put, it is the
necessary energy to deflect the magnetic moment in a single crystal from an
easy to a hard direction. To minimize the magnetocrystalline anisotropy
energy, the domains will form along the easy axes. See Figure 8. The area
between the easy and hard axis curves gives the magnetocrystalline
anisotropy energy for the concerned material.

M
A
Easy axis

e

Figure 8: Field required to achieve the same magnetization along easy and hard axes

For a uniaxial anisotropy, the anisotropy energy can be expressed as follows:
E, = Ksin?#0

where 0 is the angle between the direction of M and the easy axis, and K is

the anisotropic constant. [11]
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Concerning rare-earth elements, they have a high magnetocrystalline
anisotropy; therefore, once they have been magnetized, they will require a
large opposite field to overcome the anisotropy and reverse the
magnetization which is related to the coercivity itself. Yet, the anisotropy in
all material decreases with the increase of temperature, and as it gets closer
to the Curie temperature, there will be no preferred orientation for the

magnetization. [10].

e Shape anisotropy: induced by the nonspherical shape of the grains.

e Stress anisotropy: the domain structure could be altered by an applied
mechanical stress due to existing magnetostriction.

e Exchange anisotropy: occurs at the interface between an antiferromagnet
and a ferromagnet when they interact.

e Anisotropy: induced by grain alignment and stress through magnetic

annealing (thermostatic treatment).

1.5.Domains, domain walls, single domain particle

As previously discussed, a domain is a region where the magnetic dipole moments
inside it are aligned in the same direction. The result is that there is a magnetization
inside the domain in that direction. In the initial demagnetized state, the domains
are arranged such that the magnetization averages to zero. Due to an external field,
the domains, which are in the same direction as the external field, will start growing
due to domain wall motion, while those opposing the field will start to reduce. If the

applied field increases, the domain will overcome its anisotropic energy to orientate
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towards the direction and the applied field until all domains are aligned in the same

direction. [12] See Figure 9.

Magnetic induction

Saturation

L2
-

H
-
H

<

@ Demagnetized state

Applied fieldH

Figure 9: Domain orientation with magnetization

1.5.1. Domain energy

The total magnetic energy is, in relation with the exchange, the magnetostatic and
the magnetocrystalline energies. The exchange energy is minimized when all
magnetic moments are oriented in the same direction. However, the magnetostatic
and the magnetocrystalline energies have larger contributions to the total energy.

[12]

1.5.2. Domain walls

Domain walls are the regions between domains where the direction of magnetism
must change, usually either 180° or 90°. The width of the domain is related to the

exchange energy and the magnetocrystalline energy which form a balance.
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5 = A

where A is the exchange stiffness coefficient and K1 is the leading term in

magnetocrystalline anisotropy.

The most favorable domain walls are those which do not require an external
demagnetizing field: the twist boundary (block boundary conditions) where the
magnetization perpendicular to the boundary does not vary across the domain wall
so no demagnetizing fields are generated, or the tilt boundary (Néel) where the
magnetic moments rotate such that a constant angle is maintained between them
and both the wall normal and the surface. The Néel wall occurs in thin films whose
magnetic moments rotate around an axis perpendicular to the surface of the film.

[12]
1.5.3. Single domain

Under a certain particle radius, it is energetically unfavorable to form domain walls,
and instead a single-domain particle is formed [13]. The magnetic behavior of the
material in a single domain system is affected by the domain wall motion. Indeed,
there is a size dependence on the coercivity: single domain particles exist below a
critical diameter where we can obtain the maximum value of coercivity. Smaller
grain sizes are controlled by an interaction through grain surfaces because the
surface properties are predominant at this scale. Coercivity will approach zero when

the particle diameter is decreasing until it reaches a critical diameter D, after which
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the coercivity remains constant at zero. Therefore, Ds is the ideal particle size with a

single domain and maximum coercivity. See Figure 10.
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Figure 10: The effects of decreasing the particle size on coercivity with Ds as the ideal particle size with
a single domain and maximum coercivity [13]

1.6. Objective of the study

The objective of the study is to focus on Nd-Fe-B magnets” magnetic properties from

room temperature up to 200°C. Some of the samples had to be produced to

establish reference results due to oxidation of the original available samples (melt-

spun ribbons). The produced samples were NdsFeg7Nbo.sZro5Bs and

Nd136Fe73.6C06.6Bs.6Gaos. The remaining samples were from other studies in order to

avoid wasting rare-earth material and raw metals. To obtain the maximum

information, samples with different processes such as annealing, spark plasma

sintering, hot deformation, grain boundary diffusion, and the addition of Dy, Co, Ga,

Nb, Zr, Dy-Co, Pr-Cu-Al were studied under different temperatures (room
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temperature, 50°C, 100°C, 150°C, 200°C) to find a correlation between the effect of
temperature on magnetic properties and the composition of the sample, as well as

its processing.

2. Literature review

2.1. Rare-earth permanent magnet materials

Rare-earth permanent magnetic materials are based on rare-earth elements such as
Sm, Nd, Pr, and transition metal elements such as Co or Fe which have strong
exchange coupling, high Curie temperature and high saturation magnetization, and
very high coercivity and anisotropy field. The combination of elements helps to
create an optimized magnetic material with higher energy product, coercivity,
remanence and stability. High energy magnetic materials are also often used in place
of electromagnets because they continuously maintain magnetic fields and generate

no heat during operation.

2.1.1. History of permanent magnets materials

As previously discussed, permanent magnets have the unique ability to retain their
magnetism after the removal of an applied magnetic field. This is due to their high
magnetocrystalline anisotropy and the stability of their magnetization direction with

respect to their crystal axes.

Through the first half of the 1900s, most permanent magnets were Fe-based alloys.

The first improvement of (BH)max Was achieved with the alnicos, discovered in 1931
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by Mishima. [14] In the 1960’s, permanent magnets based on intermetallic
compounds and oxides appeared. The breakthrough came when Sm-Co-based
compounds were introduced [15]. At first, K. J. Strnat et al. [16] developed a SmCos
phase in 1967 with a (BH)max of 5.1 MGOe. Then, in 1969, Das et al. [16] managed to
increase it to 20 MGOe by applying the powder metallurgy process to the
preparation. Later, permanent magnets based on Sm;Co17 were developed with a
(BH)max of 32 MGOe. [17] Nd-Fe-B magnets appeared simultaneously in the US and in
Japan in the 1980s with a (BH)max of 37 MGOQOe. However, through processing and

alloy optimization, this value has now increased up to 55 MGOe. [18]

2.1.2. Nanocomposite permanent magnets

Nanocomposite magnets or nanocrystalline exchange coupled permanent magnetic
materials consist of a mixture of magnetically hard and soft phases as mentioned
earlier. The hard phase brings high coercivity, low remanence, and high energy
product, while the soft phase brings high magnetization, high remanence and low
coercivity. Mixing these two phases is called exchange coupling which alloys the
spins of the soft phase to interact across grain boundaries and to lock into alignment
with the hard phase. [19] The only condition is that the soft phase must be of
nanoscale dimensions, approximately twice the width of the domain wall in the hard
phase, so that its magnetic moments are exchange coupled with the hard phase. [15]
This is related to the fact that these exchanges occur between single domain
particles. Indeed, single domains have a critical maximum radius; above this radius, it

is more energetically favorable to form multiple domains. [12]
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The critical dimension of the soft phase is calculated by &, = 2m./A,/K; where Ay,
and Ky, are, respectively, the exchange and anisotropy constants of the hard magnetic

phase.
2.1.3. Neodymium-Ilron-Boron Magnets

Currently, the most common two-phase nanocomposite rare-earth permanent
magnetic materials are SmyFe17Ny and Nd;Fe14B, and the soft magnetic phase is
mainly a-Fe or FesB. The Nd;Fe14B is currently the strongest permanent magnet with
a theoretical energy product of 64 MGOe for anisotropic materials, but there is
always motivation to develop materials with a higher energy product especially for
elevated temperature applications. In the Nd;Fe14B compound with an a-Fe soft
phase, the Fe provides most of the magnetization and yields a higher Curie
temperature. The Nd is at the origin of the magnetocrystalline anisotropy and the B
is used to stabilize the tetragonal structure of Nd,Fe14B, which has a space group of
P4,/mnm. It has been reported that NdxFe14B usually exhibits a structure which is

layered with stacking sequence of one Nd-rich layer and Fe sheet. [20]

This nanocomposite is usually prepared by rapid solidification techniques such as
melt-spinning. We can observe the phase diagram of the system as shown in Figure

11.
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Figure 11: The pseudo binary diagram of the Nd-Fe-B ternary system [21]

It is understood that the cooling rate affects the microstructure. Therefore controlling

the speed of the wheel makes it easier to obtain the 2-4-1 phase and the amount of

a-Fe.
2.2. Addition of elements to Nd-Fe-B magnets

In order to improve the corrosion resistance, most efforts have been focused

on the addition of alloying elements such as Co, Ga, and Cu.

Pandian et al. [22] tried the Co addition but it resulted in a decrease of
coercivity even for a small addition. This was attributed to the formation of new
phases, such as Nd(Fe,Co), and Nd(FeCo)s, with ferromagnetic behavior. However,
they obtained an improvement of the Curie temperature of the magnet and a higher

energy product when compared to the sample without the Co addition.
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The addition of Dy can increase the anisotropy field, refine the grains, and
increase the coercivity, but it decreases the remanence, saturation polarization, and
energy product of the magnet. The optimal content for global good magnetic
properties is 3-4%wt [23]. This is due to the effects of the Dy addition on the
anisotropy field of the hard phase and the microstructure of the magnets. Additive
Dy atoms enter the hard Nd2Fe14B phase, substitute into Nd sites, and form
Dy,Fe14B, which has a larger anisotropy field than that of Nd2Fe14B and thus
increases the coercivity. Moreover, a Dy addition can suppress the separation of a-
Fe branch crystals when the melted alloy solidifies, making the grain of the magnet

uniform and fine [24].

Indeed, to obtain a good coercivity at an elevated temperature, a room temperature
coercivity of around 30KOe (3T) is needed in Nd-Fe-B magnets. To meet this
requirement, a relatively large amount of Dy is used, and since the magnetic
moment of Dy is coupled antiparallel to that of (Nd1-xDyx)2Fe14B, it leads to a
decrease of the energy product. [25]. A magnet with 30% of the Nd component

replaced with Dy presents a superior high temperature performance. [26]

The addition of the right amount of Ga increases uniaxial anisotropy by
forming the Nd-rich intergranular phase containing Ga. This new intergranular phase
lubricates the grain boundaries and weakens the exchange-coupled demagnetization
effect by improving the soakage property of the liquid phases. Non-magnetic Ga

atoms enter the hard Nd;Fe14B phase to substitute on Fe sites, which leads to
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increased uniaxial anisotropy and subsequently enhances the coercivity of the

magnet. [23]

With the addition of Dy, Ga and Co in the right proportions, G. Bai et al. [23]
obtained a -0.53%/°C temperature coefficient of coercivity (20-150°C) of the magnet
which satisfies the needs of permanent magnet motors. The (BH)max was 39.9 MGOQe,
and the coercivity 25.57kOe at room temperature. Pandian et al. [22] also concluded
that the combined addition of Dy, Ga, and Co to Nd-Fe-B showed an increased Curie
temperature, a considerable improvement of coercivity and the reduction of the

remanence was <5%.

R.S. Mottram et al. [27] studied the addition of Nb and concluded that, with
the correct amount, it showed moderate improvements in coercivity and
temperature stability. It is usually found distributed throughout the microstructure
either as small precipitates or as grain boundary phase. The precipitates are thought

to improve coercivity by pinning grain growth during sintering. [27]

2.3. Spark plasma sintering (SPS)

2.3.1.  Principle of the SPS process

Spark plasma sintering (SPS), also known as field assisted sintering (FAS), pulsed
electric current sintering (PECS), plasma assisted sintering (PAS), or plasma pressure
consolidation (PPC), is a newly developed rapid sintering technique to achieve fast

densification results with minimal grain growth in a short sintering time. [28]
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The SPS process reduces the grain growth during consolidation because of the

application of a short sintering time, rapid heating, and low-temperature sintering.

The SPS process is based on the theory of high-temperature plasma momentarily
being generated in the gaps between powder materials by electrical discharge during
DC pulsing. Application of rapid heating results in bypassing low-temperature regions

where surface-transport controlled sintering is dominant.
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Figure 12: Schematic representation of spark plasma sintering technique

The schematic representation of SPS is displayed in Figure 12: SPS provides pressure
through a vertical single-axis direction and the punch electrodes have an internal
water cooling system. The sintering chamber is also water-cooled. The atmosphere
within the chamber is either a low atmospheric pressure or a protective gas

environment. The powder samples are stacked within the graphite die and between

two punches.
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However, the nature of the activation effects is not clearly established. The

most basic proposed idea suggests the ON-OFF DC pulse energizing method
generates spark plasma, spark impact pressure, Joule heating and an electrical field
diffusion effect. The key characteristics of SPS can be summarized as follows: the
generation of a local electric plasma discharge and its effect on heat and mass
transport in a particle body, the combined effect of external fields (force and
electric) on the densification and phase formation in a particulate system, the
influence of electric current in the near surface layers of conductors and semi-
conductors (skin-effect) as well as dielectrics at elevated temperatures, and the rapid
non uniform heating/cooling throughout the sample (large temperature gradient).

[29] The typical current path is illustrated in Figure 13.
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Figure 13: ON-OFF DC pulsed current path and pulsed current flow through powder particles [30]
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2.3.2. Sintering of Nd-Fe-B permanent magnets by SPS
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Since the SPS technique was found suitable for the preparation of
nanocrystalline Nd-Fe-B magnets in 1984, it has been playing an important role in

the production of fully dense rare-earth permanent magnets [31].

During the sintering process, an anisotropic alignment of the Nd2Fe14B phase
occurs, leading to a higher energy product. Therefore, SPS-processed Nd-Fe-B
magnets are critical components for numerous devices ranging from electric motors

to disk drives, as well as traction motors and wind generators [25].

Yue et al. [32] also determined that SPS-processed magnets have a better
corrosion resistance and better mechanical properties than most magnets produced

with conventional densification process.

Liu et al. [33] studied the SPS process and its influence on the microstructure.
They noticed two distinguishable zones with different grain sizes that affected the
magnetic properties, the coarse grain zone (grain boundary area) and the fine grain
zone (interior of particle). From that, they determined that above a certain sintering
temperature, the grain growth was excessive and degraded the magnetic properties

of the sample at room temperature, and even more at elevated temperatures.

Sugimoto [25] studied the improvement of thermal stability for Nd-Fe-B
magnets and determined that it is directly linked to the increase of coercivity. The
Nd-rich phase becomes a liquid phase at temperatures above 665 °C and enhances
densification during the sintering process. The liquid phase is present along grain
boundaries cleaning the surface of Nd;Fe14B grains and decreasing the number of

nucleation sites. Therefore, Nd-Fe-B sintered magnets use the Nd-rich composition.
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However, the Nd-rich phase is a non-magnetic phase and is easy to oxidize. The
oxidation causes the precipitation of the soft magnetic phase, such as a-Fe at the
surface of the main phases, which results in a decrease in coercivity. Therefore, the
volume fraction of the Nd-rich phase should be as low as possible and the
composition of the sintered magnets should be close to the stoichiometric

composition of Nd2Fe14B [25].

The SPS process can be improved by using a rare-earth grain boundary phase.
It has a lower melting temperature and becomes liquid before the temperature
reaches the sintering temperature. Different rare-earth rich phases can be used, but
in every case they modify the microstructure of the magnet to enhance its magnetic
properties. The ribbons obtained after melt-spinning are crushed into powders and

mixed with low melting temperature alloy powders.

e Nd-Cu

The purpose of mixing Nd-Cu is to maintain the coercivity. Since the melting
temperature of Nd-Cu is lower than the sintering temperature, it becomes liquid and
diffuses along the grain boundaries of Nd;Fe14B grains during the sintering process.
During the sintering, the liquid phase along the grain boundaries helps to maintain
the uniform microstructure, which is important for a high coercivity. In addition, this
Nd-rich phase in the grain boundaries isolates the Nd,Fe14B grains to some extent,

also helping to maintain a high coercivity. [34]
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e Dy-Cu

Lee et al. [35] tried to mix Nd-Fe-B magnet with different low-melting
eutectic alloys such as Nd-Cu and Dy-Cu. The purpose of mixing Dy-Cu, was to
improve the coercivity of the SPS-processed sample. Moreover, the Dy-Cu alloy has a
higher melting point than the Nd-Cu alloy and the mixed samples obtained a higher

coercivity. [35]

Dy-Cu has the same function as Nd-Cu. However, the diffusion of Dy-Cu along
the grain boundaries increases the magnetic anisotropy of the sample by the partial
substitution of Nd with Dy in the Nd2Fe14B grain surface to form a (NdixDyx)2Fe14B
shell which has a higher magnetic anisotropy field than NdFe14B. This high
anisotropy suppresses the nucleation of the reverse domain, leading to a higher

coercivity [36].

e Pr-Cu-Al

As previously discussed, the non-uniformity of the structure (fine and coarse grained
zones), results from excessive temperature differences between the surface and the
center of the starting powders as the Joule heating is concentrated along particle
boundaries. The method proposed by Zhang et al. [37] is to add a low-melting-point
alloy that aids the consolidation of the Nd-Fe-B powder particles and absorbs the
brunt of the excessive temperatures. The addition of a low-melting-point alloy such
as PresCuasAly (melting point 432°C) can effectively suppress the formation of coarse

grain zones and enhance the coercivity of SPS magnets. [37]
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2.4. Hot deformation (HD)

Lee et al. [38] originally developed the hot-deformation process of rapidly
solidified Nd-Fe-B ribbons and managed to produce anisotropic magnets with an
ultrafine grain size of nearly a single domain size. The coercivity of conventional
sintered Nd-Fe-B magnets deteriorates when the grain size becomes smaller than

3um because of the oxidation of fine rare-earth alloy powders.

Hioki et al. [39] reported that both coercivity and the temperature coefficient
of coercivity can be improved by decreasing the average grain size. They observed
that the domain wall pinning is dominant in the magnetization reversal in the Nd-Fe-
B hot-deformed magnet. Finally, they concluded that, for hot-deformed magnets,
coercivity and its temperature dependence significantly improve if a sharp grain

boundary interface can be realized.

The HD process is commonly used to achieve good c-axis texture and
magnetic anisotropy, and it can be achieved by using the SPS system. Hot deformed
Nd-Fe-B magnets have attracted much attention due to their good magnetic
performance together with desirable thermal stability, corrosion resistance, and

fracture toughness. [40]

There is a crystallographic alignment, due to the Nd;Fe14B grain texture
caused by the HD-process, in which the easily magnetized axis (c-axis) of the
magnetic grains is aligned parallel to the pressing direction. This anisotropic behavior
of the Nd-Fe-B magnet produced by hot deformation was studied [41], and the

results showed that the remanence and the energy product measured in the
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direction parallel to the c-axis were higher than those measured in the direction

perpendicular to the c-axis.

It has been proved that combining SPS process and HD process produces
magnets with better magnetic properties and increased remanence compared to the

SPS samples.

Liu et al. [33] also studied the influence of hot deformation on the
microstructure and the magnetic properties of SPS-processed Nd-Fe-B magnets and
confirmed that there is no obvious grain growth during the hot deformation process
at optimum deformation temperature, and the exchange coupling is enhanced. They
concluded that the HD process does not have a negative effect on the temperature

stability of SPS-processed magnets.

On the contrary, according to Hou et al. [42], the relative fine and regular
grain microstructure of SPS-HD-processed Nd-Fe-B magnets is beneficial in improving

the temperature coefficient of coercivity.

Concerning the SPS-processed Nd-Fe-B magnets, using a low-melting-point
eutectic alloy in the process was successful also for the hot deformation process. The
liquid phase along grain boundaries helped to maintain the uniform microstructure.
The Nd-rich phase assisted in the stress-induced grain growth, leading to the
crystallographic alignment of the Nd.Fe14B grains [34]. Huang et al. [43] concluded
that the Nd-rich phase plays an even more important role because when there was

no Nd-rich phase, no crystallographic alignment could be observed.
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2.5. Grain boundary diffusion

Various low melting diffusion sources such as Nd-Cu, Nd-Al, Nd-Mn, Nd-Zn,
and Nd-Ga alloys have been used for the low-melting-point diffusion process on the
hot-deformed magnets [44]. The largest coercivity achieved without using heavy rare
earth elements at room temperature was limited to 2.6T. A room temperature
coercivity of 2.8T was reported by Seelam et al. [45] by diffusion of a Pr-based glass
forming alloy into the hot-deformed Nd-Fe-B magnets. However, this coercivity
enhancement was always achieved at the expense of remanence.

If the magnetic anisotropy field at the surface of the Nd,Fe14B grains is higher
than that inside the grains, the coercivity can be increased without a considerable
reduction in remanence. In 2005, Nakamura et al. [46] reported a new method
named “Grain Boundary Diffusion Process (GBDP)” in which Dy can be enriched
along the grain boundaries of a Nd-Fe-B sintered magnet. The coercivity of the
magnet coated with heavy rare-earth powders and then heat-treated, was enhanced
significantly without a considerable reduction in remanence. [46] However, the grain
boundary diffusion process cannot be applied to hot-deformed magnets since a high
processing temperature of above 900°C is needed, which results in substantial grain
growth in ultrafine-grained hot-deformed magnets. [47]

The enhancement of coercivity is mainly attributed to the exchange
decoupling of the Nd,Fe14B grains as a result of the formation of the Nd-rich
intergranular phase by the infiltration of eutectic melt. The concentration of Fe in

the intergranular phase is much decreased after the diffusion process, indicating that
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the ferromagnetism in the grain boundary phase is diluted by the infiltration or the

rare-earth eutectic alloy. [48]

By diffusing NdgoAl1o alloy, Liu et al. [44] observed that a nearly complete
magnetic isolation had been realized by the diffusion process. However, an
enrichment of 3 at% Al in the Nd,Fe14B phase reduced the Curie temperature of the
magnet which led to a poor thermal stability of coercivity. They obtained good
results at 200°C for the coercivity of Nd,Fe14B diffused with Nd7oCuso alloy. But this
coercivity enhancement was achieved at the expense of remanence because of the

large volume fraction of non-ferromagnetic intergranular phase. [44]

The formation of a heavy-rare-earth-rich shell at the surface of Nd,Fe14B
grains without substantial grain growth for hot-deformed samples can be achieved
only with the diffusion of low-melting-point Nds2Dy20Al1s [36] or NdsoDy20Cu [49]
eutectic alloys. However, although a large coercivity of 2.8 T with remanence of 1.3 T
was successfully achieved after Ndes2Dy20Al1g diffusion, it was found that the Dy-rich
shell rarely covered the entire surface of Nd,Fe14B. The influence of this Dy-rich shell
on magnetization reversal and coercivity is still unclear at the moment. Moreover,
due to the diffusion of Al into the Nd2Fe14B main phase, the thermal stability of

coercivity using Nde2Dy20Al15 could be inferior to that using Nd-Cu alloy. [36]

3. Experimental techniques and procedures

3.1. Sample production

3.1.1. Sample preparation
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In this thesis, most samples were already prepared from other work from the research
group, and the established base of samples was wide. In order to avoid wasting rare-
earth materials and raw materials, only the basic samples with Nd;Fe14B and a-Fe
phases were prepared to have reference results with the formula NdsFessNbo.s5ZrosBa

and Ndi3.6Fe73.6C06.6Bs.6Gao.s.

The raw materials with the corresponding purities used to produce the samples were
Nd (99.1%), Iron (99.97%), Boron (99.5%), Niobium (99.95%), Zirconium (99.8%),
Cobalt (99.95%), and Ga (99.95%). The heat treatment temperature was 973K. The

weight percentages were converted from the atomic percentages as follows.

Table 3: Weight percentage for the sample NdsFes;Nbo.sZro.sB4

Element Nd Fe Nb Zr B
Atomic Weight 144.24 | 55.85 | 9291 | 91.22 | 10.81
Atomic Percentage (%) 8 87 0.5 0.5 4

Weight Percentage (%) 18.77 79.03 0.76 0.74 0.70

Table 4: Weight percentage for the sample Nd13.6Fe73.6C06.6B5.6Gao.6

Element Nd Fe Co B Ga

Atomic Weight 144.24 | 55.85 | 58.93 | 10.81 | 69.72

Atomic Percentage (%) 13.6 73.6 6.6 5.6 0.6
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Weight Percentage (%) 29.89 | 62.63 | 5.93 0.92 0.63

A micro-balance with a precision of 0.1mg and an error of + 0.2mg was used to

weigh the raw materials.

3.1.2. Arc melting

Arc melting is a technique used to melt metals under an electric arc that is struck by a
high applied voltage. There are four main parts in an arc-melter: vacuum chamber,
power supply, melting electrode with water-cooling system, and a copper support

with water-cooling system as shown in Figure 14.

Water cooled
electrode

Vacuum

chamber o

Power supply

Tungsten tip

Sample

Water cooled

Al i

To vacuum —_—

Figure 14: Schematic illustration of an arc-melter

The power supply is for two different steps: first of all, a high electrical voltage in
order to initiate the electrical breakdown in the gaseous atmosphere between the

electrode and the copper support, second, a high current for the melting process.
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The electrode which was used was a tungsten tip held in place with a copper sleeve
and fastener because the melting point of tungsten is 3422°C which is way above the

melting temperature of the metals used in this study. [50]

The smaller pieces were laid underneath the larger pieces (Neodymium and Iron) to
prevent them from shifting from the power of the arc-melter. The metals were
heated to their melting point when the electricity passed through them. The vacuum
was made in the chamber with ultra-high purity (UHP) Argon to prevent the
formation of any oxides. Once the samples were in the chamber, the purging was
done 5-6 times with a base pressure of 60 millitorr. A Zirconium piece was kept at a
certain distance from the sample and was used as an indicator of any oxidation. This
was done by checkin that there was no tarnishing after the solidification of the piece.
After that, once the metals were melted in an ingot, it was flipped over and re-
melted to reach homogeneity. It could be retrieved after cooling down for a few

minutes.

3.1.3. Melt spinning

Melt spinning is a process used to cool molten metals very rapidly and obtain

ribbons. We used the following steps as outlined:

i.  We used a quartz crucible, obtained a 0.7mm orifice at the bottom, and then
loaded the crucible with the sample in it inside the melt-spinning chamber
with the portion of the crucible containing the ingot surrounded by a high

frequency induction coil.
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We purged the chamber with UHP Ar by pumping down three times
respectively to 4x1072, 3.5x102 and 2.3x107 torr to remove any traces of
oxygen which could cause oxidation.
We applied the cooling water.
We rotated the wheel at the required speed: 40m/s to over-quench the
sample.
We turned on the power supply, melted the sample for 2-3min and shot the
molten sample towards the spinning wheel to form the ribbons by releasing
the ballast previously pressurized at 0.2 bar and forcing the melted material
onto the rotating copper wheel.

We collected the ribbons.

Crucible
'
d L)
RF Induction coil @ @
& ®
o o~ e Molten ejection
Ingot o

Ribbon

Copper wheel
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Figure 15: Schematic illustration of a melt-spinner

3.1.4. Annealing

Annealing is a heat treatment technique used to facilitate the formation of a phase,
and as such, high temperatures provide energy needed for the diffusion of the
atoms. The heat energy increases the diffusion rate and leads to the movement of

atoms. Therefore as a result, it leads to the reduction of dislocations and stress.

The next step in the process was to anneal the sample to allow for grain growth and
crystallization. In order to fully crystallize the sample, the annealing temperature had
to be higher than the crystallization temperature. To prepare for annealing, the
sample ribbons were placed into tantalum foil tubes. These were placed in quartz
tubes and were evacuated to a pressure below 60 millitorr and refilled with Ar at

least 5 times to prevent oxidation. Finally, the tubes were sealed.

The tube was placed into the furnace, which was already at the proper temperature,
between 600°C and 700°C in this study, and was left for the required amount of

time, 20min in this study.

3.2. Magnetic properties measurement

The characteristics of magnetic materials (saturation magnetization, coercivity,
permeability) are best determined from a hysteresis loop. The most common
measurement method employed for hysteresis loop determination is the vibrating
sample magnetometer (VSM) while superconducting quantum interference device

(SQUID) is preferred when sensitivity is required. In this study, two devices were
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used. A quantum design magnetic property measurement system (MPMS) SQUID
with an applied field of 70kOe or 30kOe. Also, a VSM (Versalab) with an applied field
of 30kOe since we did not need to reach the saturation magnetization for the

samples used.

3.2.1. Vibrating Sample Magnetometer (VSM)

VSM systems are used to measure the magnetic properties of materials as functions
of magnetic field, temperature, and time. Powders, liquids, single crystals, and thin
films can be used in a VSM. In this study, the VSM used was Versalab (Quantum
Design, CA, USA) and it was used at room temperature for basic references with a
maximum applied field of 30 kOe. The sample was placed on a rod using non-
conductive tape and then placed in the VSM chamber, surrounded by the pickup

coils as shown in Figure 16. [50]

Sample holder Electromagnet

Pickup coils

i

i
Vibration along i
the axe I

Uniform magnetic field

Figure 16: Schematic illustration of detection mechanism in a VSM
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The rod was positioned between two electromagnets which have detection coils.
The chamber was pumped down to 40 torr, the sample was magnetized to the
required maximum applied field, and then the oscillation motion of the magnetized
sample induced a voltage detected by the pickup coils. The induced voltage is
proportional to the magnetization of the sample. The detected signals were sent to
the controlling and monitoring software in the connected computer and we

obtained a hysteresis loop M-H.

3.2.2. Superconducting Quantum Interference Device

(SQUID)

The SQUID is one of the most sensitive experimental techniques to magnetically
characterize samples with a high sensitivity (order of 10°emu).

The principle of the SQUID magnetometer is based on superconducting loops
containing Josephson junctions (two superconductors separated by thin narrow
insulating gaps). There are several superconducting components in a SQUID: a
superconducting magnet, detection coils, flux transformer, and superconducting
shields as shown in Figure 17 [50]. The sample is attached to the sample rod and is
scanned through the superconducting coil, which forms a close flux transformer.
Changes of the sample position cause variation of magnetic flux through the coils.
The shape and magnitude of the response curve can be analyzed to obtain a
corresponding magnetic moment. The magnetic field is produced by the
superconducting magnet and is uniformly distributed throughout the coil area.

Temperature control is conducted by placing the sample in a sealed variable
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temperature insert which is thermally isolated from the coil by an annular vacuum
space. In our study, the maximum applied field was 70 kOe and the sample
underwent a full reversal of applied field (-70 kOe) and the temperatures varied

between room temperature and 200°C.

Flux transformer

Detection coils

Vibration of the sample alon the axis

S S

N7

Superconducting coil

Figure 17: Schematic illustration of a SQUID magnetometer

3.2.3. Sample preparation

The sample preparation for the VSM and the SQUID were the same, except that a
smaller weight was necessary for the SQUID in order to have better results. The

samples were weighed using a micro-balance (x0.0001 mg).

e For annealed ribbons: small pieces of ribbons were weighed
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e For SPS-processed samples: the graphite foil from the top and the bottom
had already been removed by grinding and polishing. Since oxidation was not
a concern for SPS samples, there was no need to produce new samples and a
small piece was cut from the remaining SPS samples using a diamond saw,
ground (100 grit sand paper) to a thickness of about 200 um and then
polished (800 grit sand paper). To finish, the sample was rinsed with acetone
and weighed.

e Forthe HD sample and the GBD sample: samples were already prepared and

not oxidized, so only the rinse was needed before measuring the weight.

Only annealed samples were used on the VSM before its software failure and then
the SQUID was used. For the rest of the samples, only the direction along the
pressing and deforming direction were measured. The samples were taped in a small
piece of plastic cut from a straw with non-conductive tape for the VSM, or taped on
a support for the SQUID, then placed inside a plastic straw and inside the chamber

for measurement.

4. Results and Discussion

4.1. Data conversion and characterization

Both the VSM Versa Lab and the SQUID yielded results as follows: the magnetic field
in Oersted and the magnetic moment in emu. The magnetization is used in emu/g,
which needs to be converted to emu/cm? when calculating the flux density and

energy product. The density of the sample that we used to convert the unit is 7.6
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g/cm3. In some results and discussion, the Tesla unit is used for the magnetic field,

which can be converted from Oe as follows: 1 [Oe] = 0.0001 [T].

The thermal stability of the samples was also analyzed, more precisely the effect of
temperature (Trr — T1) on coercivity and remanence. This effect can be characterized

with:

The temperature coefficient of remanence - a in %/°C between room temperature

and a chosen temperature:

_ B(Tar) — B,(Ty)

a = x100
BT(TRT) (TT - TRT)

where B; is the remanence, Ty the room temperature, T the chosen temperature.
The temperature coefficient of coercivity - 8 in %/°C between room temperature

and a chosen temperature:

_ He(Trr) = He(Tr)
~ He(Tpr)(Tr — Trr)

B 100

where Hc is the coercivity, Trr the room temperature, and T the chosen

temperature.

For the rest of the study, in order to obtain representative results, a margin of error
of £0.003 will be considered for a and B values. For coercivity and remanence values,

a margin of error of +50 and +0.2 respectively.

4.2. Melt-spinning and annealing
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4.2.1. Basic compositions NdsFes7NbosZrosBs and

Nd13.6Fe73.6C06.6B5.6Gaons

As determined by Y. Lin [51], the optimum annealing temperature for Nd-Fe-B
magnets (NdsFes7Nbo.sZrosBa) is 700°C and the optimum annealing time is 20
minutes. When the temperature was under 700°C or the time was less than 20min,
the crystallization of Nd;Fe14B phase was not fully realized and the amorphous phase
still existed in the samples. When the temperature was higher than 700°C or the

time was more than 20 minutes, excessive grain growth happened. [51]

Concerning the Ndi3 sFe73.6C06.6Bs.6Gao.s samples, as determined by L. Zhang, [37] the
optimum annealing temperature is around 630°C and the optimum annealing time is
20 minutes. At this temperature, the grain size is about 30-45 nm which is good for
further SPS processing. Above 640°C, the grain size is about 50-350 nm which is not
suitable for further SPS processing and below 620°C, the presence of the amorphous

phase is a concern.

For the purpose of this study, NdsFegzNbo.sZro.sBa samples were produced and
annealed at 700 °C for 20 minutes, as well as Nd13.6Fe73.6C06.6B5.6Gao.s samples
annealed at 630°C for 20 minutes. They serve as a base for comparison of further

results.

Figure 18 shows the half-hysteresis loop at room temperature of the
NdsFeg7Nbo sZrosBs sample and Figure 19 shows the half-hysteresis loop at room

temperature of the Ndi3sFe73.6C06.6Bs.6Gao.s sample.
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Figure 18: Half-hysteresis loop of NdsFes7Nbo.sZro.sBa at room temperature after annealing at 700°C for
20 min

The remanence, coercivity and energy product are 95.83 emu/g, 4047 Oe and 10.04

MGOe respectively for the NdsFes7Nbo sZro.sBs sample.
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Figure 19: Half-hysteresis loop of Nd13.6Fe73.6C06.6Bs5.6Gao.s at room temperature after annealing at
630°C for 20 min
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The remanence, coercivity and energy product were 71.2 emu/g, 19720 Oe, and

10.03 MGOe, respectively, for the Ndi3.cFe73.6Co6.6Bs.6Gaos sample.

The values of coercivity and remanence were analyzed from 20°C up to 200°C for

both samples and the results are shown in Figure 20 and Figure 21.
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Figure 20: Coercivity (a) and remanence (b) values of NdsFes7Nbo.sZro.5B4 from 20°C up to 200°C after
annealing at 700°C for 20 min

For NdsFeg7Nbo.sZro.sBs, the coercivity dropped drastically between room
temperature (RT) and 200°C; in this case, the temperature coefficient of coercivity
between 20-100°C reached -1.032%/°C. The use of permanent magnets at elevated
temperature is directly linked to thermal stability and more precisely to the thermal
stability of coercivity. Therefore, for the rest of this study, the samples based on this
composition were studied between RT and 100°C as a maximal temperature to
observe their respective behaviors under higher temperatures and obtain elements

that can be representative.



55

(a) (b)
25000 75
= 71.20
— 20000 S 70
3 g 68.40
< 15000 2 65
g 8 62.91
'S 10000 T 60
(0] C
o ©
© 5000 £ 55 55.50
2982 oc
0 50
0 50 100 150 200 250 0 50 100 150 200 250
Temperature (°C) Temperature (°C)

Figure 21: Coercivity (a) and remanence (b) values of Nd13.6Fe73.6C06.6B5.6Gao.s from 20°C up to 200°C
after annealing at 630°C for 20 min

The higher Nd content of Nd13 6Fe73.6Co6.6Bs.6Gao.s and the lower annealing
temperature played a role in separating the Nd2Fe14B grains with the Nd-rich
intergranular phase, leading to a better coercivity. In that case, the temperature

coefficient of coercivity was -0.471%/°C between 20-200°C.

For comparison, for Ndi3sFeso.sBs between 300-400K (26-126°C), S. Ur-Rheman et al.
[52] obtained a coercivity coefficient of -0.41%/°C. At room temperature, the
coercivity was about 13823 Oe. However, above 400K, the coercivity dropped
drastically. Thus, the room temperature coercivity and the thermal stability of the

Nd13.6Fe73.6C06.6Bs.6Gaon.s sample between 20-200°C seem promising.

The Ga addition improved coercivity for two reasons. First, it increased uniaxial
anisotropy due to Ga non-magnetic atoms entering the hard phase Nd,Fe14B to
substitute for Fe and therefore enhancing the coercivity of the magnet. Second, it

formed Nd-rich intergranular phases containing Ga, which more effectively
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separated the magnetic grains and weakened the exchange-coupled

demagnetization effect. [23]
4.2.2. Effects of Dy addition

Different magnets with increasing content of Dy were analyzed at an annealing

temperature of 620°C:

* ((Ndo.9Dyo.1)15Fe77Bg)99S1
*  ((Ndo.sDyo.2)15Fe77Bg)99S1

*  ((Ndo.7Dyo.3)15Fe77Bg)99S1

The samples did not show any exterior sign of oxidation, which was a concern in the
case of ribbons. They were stored in a protective gas environment. The background
of these samples listed no previous thermal analysis and no destructive analysis

techniques. Therefore, the melt-spun ribbons were usable for thermal analysis.

The magnetic properties of the samples were studied from 20°C up to 200°C as

shown in Figure 22, Figure 23, and Figure 24.
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Figure 22: Coercivity (a), remanence (b) and energy product (c) respective values of

((Ndo.sDyo.1)15Fe77Bs)9sS1 from 20°C up to 200°C after annealing at 620°C for 20 min
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Figure 23: Coercivity (a), remanence (b) and energy product (c) respective values of

((Ndo.sDyo.2)15Fe77Bs)9sS1 from 20°C up to 200°C after annealing at 620°C for 20 min
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Figure 24: Coercivity (a), remanence (b) and energy product (c) respective values of
((Ndo.7Dy0.3)15Fe77Bs)9sS1 from 20°C up to 200°C after annealing at 620°C for 20 min
The temperature coefficient of coercivity between 20-200°C, depending on the Dy
atomic percentage, is listed in Table 5. It shows that Dy is an effective element to
enhance coercivity by increasing magnetocrystalline anisotropy, reducing the

average grain size, and improving the thermal stability.

Table 5: Temperature coefficient of coercivity between 20-200°C of samples with different Dy content
annealed at 620°C for 20 min
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Dy atomic percentage (at.%) Temperature coefficient of coercivity
1.5 -0.395%/°C
3 -0.370%/°C
4.5 -0.362%/°C

To obtain a coercivity above 2.5T at room temperature, the Dy content has to be

above 1.5 at.%.

New samples of melt-spun ribbons were analyzed in order to observe the effects of
combined additions of Dy, Co, and Ga and the behavior of magnetic properties in
relation with the temperature. The background of the samples was the same as the

previous samples with Dy content.

* Ndi3Dy2Fe72.2C06.6Bs6Gaos annealed at 610°C
* Ndi13Dy2Fe72.2C06.6Bs.6Gao.s annealed at 630°C

* Ndi13Dy2Fe72.2C06.6Bs.6Gao.s annealed at 650°C

The sample with the highest coercivity was the sample annealed at 650°C with a
coercivity of 27.2 kOe. However, the sample with the best coercivity stability over an
increasing temperature was the sample annealed at 610°C. This was mostly likely
due to the grain size, which increased as the annealing temperature increased. Its

magnetic properties are shown in Figure 25.
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Figure 25: Coercivity (a) and remanence (b) values of Nd13Dy:zFe72.2C06.6B5.6Gao.s from 20°C up to 200°C,
after annealing at 610°C for 20 min

The combination of Dy, Co, and Ga with a 0.2 atomic percentage of Dy resulted in a

temperature coefficient of coercivity of -0.388%/°C with an annealing at 610°C.

Besides, the combination of Co, Ga, and Dy elements led to better magnetic
properties, higher energy product (8.76 MGOe at RT) and remanence (64.9 KOe at
RT), than the samples with only the Dy addition and a room temperature coercivity
above 2.5 T. At 200°C, the sample still maintained better magnetic properties than

the others two with an energy product of 5.11 MGOe.

4.3. Spark Plasma Sintering (SPS)

Concerning all samples which had been SPS processed, only the magnetic properties
in the direction parallel to the sintering direction of SPS-processed samples were
measured because the parallel direction was easier to magnetize than the
perpendicular direction. This is related to the crystallographic alignment which

occurs during the SPS process as previously discussed.
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4.3.1. Basic composition samples NdsFes7Nbo.sZro.5B4 and

Nd13.6Fe73.6C06.6Bs.6Gaon.s after SPS processing

It can be seen that the use of the SPS process on the NdgFeg7Nbo sZro.sBsasample
(background of this sample was a heating rate of 100°C/min with sintering
temperature 700°C and sintering pressure 100MPa) led to a high decrease of
coercivity, a small decrease of remanence, and therefore of energy product,
compared to the melt-spun ribbons (coercivity 4047 Oe, remanence 95.83 emu/g).
No low-melting-point alloy was used so we could observe the impact of the SPS
process without it. The main problem was the drastic decrease of coercivity,

reaching a zero value above 50°C as shown in Figure 26.

(a) (b)
4000 105
@ g 0 s
o 3000 3106 : 94.22
s} £ o
>
£ () 91.33
2 2000 g 0 92.53
pus (]
8 = 85
1000
o
811 £ g0
o
0 75
0 50 100 150 0 50 100 150
Temperature (°C) Temperature (°C)

Figure 26: Coercivity (a) and remanence (b) values of NdsFes7Nbo.sZro.sBa from 20°C up to 100°C after
SPS processing at 700°C

Concerning the basic composition Ndi3.6Fe73.6C06.6Bs.6Gao.s (background of this
sample was a heating rate of 10°C/min with sintering temperature 700°C and
sintering pressure 100MPa), a decrease of coercivity also occurred, but due to the

higher amount of Nd originally present, it was less critical. Results are shown in
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Figure 27. Moreover, the coercivity temperature coefficient between 20-200°C is

also decreased to -0.490%/°C instead of -0.471%/°C for the melt spun ribbons.
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Figure 27: Coercivity (a) and remanence (b) values of Nd13.sFe73.6Co6.6B5.6Gao.s from 20°C up to 200°C
after SPS processing at 700°C

The decrease of the coercivity is linked to the microstructure of the sample: the
more uniform the microstructure is, the higher coercivity will be. During the SPS
process, the localized high heating led to an uneven grain growth and a loss of
uniformity in the microstructure as previously mentioned. It is believed that the
temperature at the surface may reach the boiling point of the material and hence

nano-sized grains recrystallize into micro-sized grains during cooling. [53]

Grain growth, however, has an important impact concerning the thermal stability of
the sample. Reducing it means having a better thermal coefficient of coercivity and
remanence. To reduce the grain growth, low-melting-point alloys such as Nd7oCusp or

PresCuzsAl; were used during the SPS process.

4.3.2. Addition of 5wt.% Nd70Cuso during SPS processing
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For this study, 5wt.% Nd70Cuszo was added to two different samples:
NdsFes7Nbo.sZro.sBs and Nd7Dy1Fes7Nbo 5ZrosBa. The results obtained are shown

respectively in Figure 28 and Figure 29.
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Figure 28: Coercivity (a) and remanence (b) values of NdsFes7sNbo.sZro.sBa with 5wt.% Nd70Cuso from
20°C up to 100°C after SPS processing at 700°C

This time, we obtained, at 100°C, a non-zero measurement of coercivity. The

coercivity temperature coefficient was -1.224%/°C between 20-100°C.
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Figure 29: Coercivity (a) and remanence (b) values of Nd7DyiFes;Nbo.sZro.sBs with 5wt.% Nd7oCuso from
20°C up to 100°C after SPS processing at 700°C
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In that case, we also obtained a non-zero measurement of coercivity at 100°C. The

coercivity temperature coefficient was -1.183%/°C between 20-100°C.

The low-melting-point alloy diffused along the grain boundary phase during the SPS
process and assisted in maintaining the uniform microstructure as well as isolating

the Nd,Fe14B grains, which is why the decrease of coercivity was reduced.

We can observe that the addition of Dy had a considerable impact on the thermal
stability and the coercivity of the melt-spun sample compared to its impact on the
SPS-processed sample. The coercivity at room temperature of the melt-spun sample
was increased by 27% instead of 20% for the SPS-processed sample. Moreover, the
coercivity coefficient of temperature of the melt-spun sample has improved more

than that of the SPS-processed sample.

Therefore, Nd-Fe-B melt-spun magnets might be considered more dependent on
heavy rare-earth elements for high-temperature performance than the alternative

spark plasma sintered Nd-Fe-B magnets.

4.3.3. Addition of 10w.% PrssCuasAl; with

Nd13.6Fe73.6C06.6Bs.6Gao.s during SPS processing
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Figure 30: Coercivity (a) and remanence (b) values of Nd1z.cFe73.6C06.6B5.6Gao.s with 10w.% PrssCuzsAl7
from 20°C up to 200°C after SPS processing at 700°C
The coercivity of the SPS sample without the addition of the low-melting-point alloy
is was lower than that of the melt-spun ribbons. In previous studies, this had been
linked to the formation of coarse grain zones. By adding the PrssCuzsAl;, the coarse
grain zones were suppressed [37]. However, there was a decrease in remanence due
to the magnetic dilution effect because the PrssCuasAly is a non-ferromagnetic

material.

The PrsgCuzsAly powders were melted during the SPS process, and the liquid
infiltrated into the powder particle void space and grain boundaries. This led to the
formation of a low-melting-point boundary phase which inhibited growth of

Nd;Fe14B.

Concerning the sample Nd136Fe73.6C06.6Bs.6Gan.s with the addition of 10w.%
PresCuasAly, at a higher temperature (200°C), we can observe that coercivity

decreased even faster than with the sample without the addition of PresCuzsAl7,



despite the fact that this sample had better results at room temperature and
moderated temperatures. Moreover, in this case, the remanence was affected by
the SPS process and decreased by 6%. The decrease of thermal stability and

remanence are related partly to the dissolution of Al in the Nd;Fe14B phase.

4.3.4. Comparative data

The comparative data for SPS-processed samples can be found in Table 6. The
samples compared in this table are the following ones: The basic composition
NdsFeg7Nbo.sZrosBs was SPS-processed, then SPS-processed with the addition of
5wt.% Nd7oCuszo. Same goes for the basic composition Nd13 sFe73.6C06.6Bs.6Gaos that

was SPS-processed, then SPS-processed with the addition of 10w.% PregCuzsAl;.
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Table 6: Comparative data of SPS-processed samples
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NdgFes7Nbo.5Zro.5B4 Nd136Fe73.6C06.6Bs.6Gao.e
Coercivity (Oe)
At RT 4047 19702
Remanence
. 71.2
(emu/g) at RT 95.83 0
Before Coercivity
SPS temperature
_ o/ /° _ o/ /°
coefficient (20- 1.032%/°C 0.583%/°C
100°C)
Coercivity
temperature o/ /o
coefficient (20- N/A 0.471%/°C
200°C)
Addition of Addition of
No addition 5wt.% No addition 10w.%
Nd7oCusg PresCuasAly
Coercivity (Oe) 3106 3841 12252 17947
at RT
Remanence 94.58 94.00 71.00 66.70
(emu/g) at RT
ity |
Coercivity loss at 23% 5% -38% 9%
RT
After
SPS Remanence loss 9% 9% 1% 6%
at RT
Coercivity
temperature ) oo | o/ /o ] o/ /o
coefficient (20- N/A 1.224%/°C| -0.667%/°C 0.680%/°C
100°C)
Coercivity
temperature ) o/ /o ) o/ /o
coefficient (20- N/A N/A 0.490%/°C 0.519%/°C
200°C)
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As previously discussed, the SPS process led to a high decrease of coercivity at room
temperature and, in addition, to a decrease of the thermal stability of SPS-processed
samples compared to melt-spun samples of the same composition. This decrease of
the thermal stability is even higher in the first hundred degrees for the SPS-
processed samples compared to the melt-spun samples. The remanence of the
samples without addition of low-melting-point alloy was not affected by the SPS

process.

With the addition of 5wt.% Nd70Cuso, we can conclude that using this low-melting-
point alloys helped improve the thermal stability and reduced the coercivity loss of
the SPS-processed samples compared to the samples without it. Concerning the
addition of 10w.% PresCuzsAl;, it reduced the coercivity loss but had a bad impact on
the thermal stability and the remanence due partly to the dissolution of Al in the

Nd.Fe14B phase.

The results of the SPS-processed samples with or without addition of low-melting-
point alloy were still less promising than the one of the melt-spun samples.
Therefore, SPS process does not seem to be suitable in order to improve the thermal

stability of the samples, even with low-melting-point alloy addition.

4.4, Hot deformation

In hot-deformed samples, there is a crystallographic alignment of grains creating
magnetic anisotropy, which increases the remanence. However, grain growth occurs
which reduces the coercivity. The interesting part is to find out to what extent it

does reduce the coercivity, and the impact it has on the thermal stability of the
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sample. The crystallographic alignment of most Nd,Fe14B grains is in the deforming
direction; it is a stress-induced preferential grain growth. This degree of alignment is

higher than the one obtained after SPS processing.

The hot deformation process was the same as the sintering process except that the
program was modified to change the heating rate to 200°C/min, the deforming
temperature was still 700°C, the deforming pressure was 65MPa and the holding

time was 10s.

4.4.1. Basic composition samples Ndi3sFe73.6C06.6Bs.6Gao.s

after hot deformation at 700°C
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Figure 31: Coercivity (a) and remanence (b) values of Nd13.sFe73.6C06.6B5.6Gao.s from 20°C up to 200°C
after hot deformation at 700°C

The hot deformation process increased the remanence of the sample to 120 emu/g
at room temperature but significantly decreased the coercivity from 19702 Oe for
the melt-spun sample to 9961 Oe. Moreover, the coercivity temperature coefficient

between 20-200°C reached -0.522%/°C instead of -0.471%/°C for the melt-spun
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sample of the same composition. In that case, the hot deformation process does not

seem suitable at all.

4.4.2. Hot deformation applied on samples with 5wt.%

Nd7oCuso content

The mixed low-melting-point alloy melted and diffused along grain boundaries to
form a liquid Nd-rich grain boundary phase which also lubricated the Nd.Fe14B grains
and facilitated the mass transport with the help of the pressure to align the c-axis of

the Nd,Fe14B grains to the deformation direction.
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Figure 32: Coercivity (a) and remanence (b) values of NdsFes7Nbo.sZro.sBa with 5wt.% Nd70Cuszo from
20°C up to 100°C
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Figure 33: Coercivity (a) and remanence (b) values of Nd7DyiFes;Nbo.sZro.sBs with 5wt.% Nd7oCuso from
20°C up to 100°C

We can observe that the coercivity of both samples decreased after the hot
deformation. This was mainly due to the non-uniform grain growth creating a grain
size distribution, and therefore a heterogeneous microstructure. This is directly
related to the nucleation of the reverse domains and to the fact that wall pinning at
the grain boundaries is dominant. Another reason for the coercivity decrease is the
exchange coupling between the soft and hard magnetic phase. Also, the soft
magnetic phase might have increased in scale so the exchange coupling is not as

good as before.

For both samples, the coercivity temperature coefficients were -1.235%/°C and
-1.226%/°C, respectively between 20-100°C. The values after the SPS process were
-1.224%/°C and -1.183%/°C, respectively.

4.4.3. Hot deformation applied on Ndi3sFe73.6C06.6Bs.6Gaos

with 10w.% PresCuzsAl; content
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Figure 34: Coercivity (a) and remanence (b) values of Nd1z.cFe73.6C06.6B5.6Gao.s with 10w.% PrssCuzsAl7
from 20°C up to 200°C

It is proven that hot deformation, more especially the elevated temperatures
needed to hot deform a sample, causes grain growth but also redistribution of rare
earth elements from intergranular phases to triple-junction phases. [54] The
reduction of coercivity after hot deformation could be related to the fact that the Pr
and Nd elements aggregated at the triple-junction phases, which decreased the
amount of intergranular phase and thus increased magnetostatic interactions. Once
again, the magnetic dilution effect is at play and reduces the remanence of the

sample.

In that case, we can also observe that the coercivity temperature coefficient
between 20-100°C is -0.526%/°C after hot deformation instead of -0.519%/°C after
SPS-process. Therefore, considering our £0.003 error margin, the HD process does
not seem to affect thermal stability compared to thermal stability of the SPS-

processed samples.

4.4.4. Discussion



73
The coercivity of the samples is significantly lower after HD process compared to the
coercivity of the melt-spun samples, even compared to the coercivity of the SPS-
processed samples. This may be caused by ferromagnetic intergranular phases,
surface defects, etc., which limit the enhancement of the coercivity for hot-
deformed magnets. Moreover, the thermal stability was not improved by the hot

deformation process.

Therefore, applying hot deformation to a sample is not fit for high-temperature

application magnets.

4.5. Grain Boundary Diffusion (GBD)

The low-melting-point alloys used to coat the SPS or SPS+HD samples were used with
the following amount: 20 wt.% of the sample. The samples with Nd7oCusg or
PresCuasAl; applied with GBD were treated at 650°C for 2 hours and the samples with

NdszDYzoAllg at 700°C for 1 hour.

With grain boundary diffusion, sintered bodies are coated with the compounds and
then heat-treated at a lower temperature than the sintering temperature. Hence,
the amount diffused into the magnet is more appropriate and more efficient. This is
especially important in the cases using rare-earth compound to allow a more

efficient usage.

4.5.1. Grain boundary diffusion process applied to

Nd13.6Fe73.6C06.6Bs5.6Gao.s with Nd7oCuso
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For the following results shown in Figure 35, the sample was only SPS processed. No

hot deformation was applied.
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Figure 35: : Coercivity (a) and remanence (b) values of Ndi3.6Fe73.6C06.6B5.6Gao.s from 20°C up to 200°C
with grain boundary diffusion Nd70Cuszo

We can observe that the coercivity increased from 12252 Oe up to 17235 Oe (40%)
and the remanence decreased slightly from 71 emu/g to 60.7 emu/g (-15%). These
results are interesting considering the fact that the coercivity temperature

coefficient improved to -0.451%/°C. It was -0.490%/°C for the SPS process and it is

even better than that of the melt-spun ribbons which was -0.471%/°C.

As previously discussed, the enhancement of coercivity is mainly attributed to the
exchange decoupling of the NdxFe14B grains as a result of the formation of the Nd-
rich intergranular phase by the infiltration of eutectic melt. Moreover, since the
temperature for grain boundary diffusion is lower than the one used for SPS or HD,
the grain growth is inhibited. This would explain the better thermal stability obtained

after grain boundary diffusion.
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4.5.2. Grain boundary diffusion process applied to

Nd13.6Fe73.6C06.6Bs.6Gao.s with PregCuzsAly
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Figure 36: Coercivity (a) and remanence (b) values of Nd1z.cFe73.6C06.6B5.6Gao.s from 20°C up to 200°C
with grain boundary diffusion PresCuzsAl7

The diffusion of Pr-Cu-Al decreases the magnetic exchange interaction between the
hard magnetic grains and therefore improves the coercivity. According to Fick’s Law,

Pr diffuses faster than Al and Cu along the grain boundary.

The results for this sample with Pr-Cu-Al diffusion are better than those obtained

with the two-alloy method (4.3.3).

Grain boundary diffusion provided an enhancement in coercivity by about 20% with

a reduction of less than 5% in remanence compared to the two-alloy method.

The temperature coefficient was -0.364%/°C for this sample. It was -0.519%/°C after

the SPS process and -0.471%/°C for the melt-spun ribbons.
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4.5.3. Grain boundary diffusion process applied with
Nds2Dy20Al1s to NdsFes7Nbo.sZro.sBs with 5wt.% Nd7oCuso

after SPS and hot deformation processes
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Figure 37: Coercivity (a) and remanence (b) values of NdsFes7Nbo.sZro.sBa with 5wt.% Nd7Cuso from
20°C up to 100°C after HD and GBD

The improvement of coercivity was attributed to the Nd and Dy in the diffusion
source. The behavior was the same as the other cases of grain boundary diffusion:
Nd was diffused along the grain boundaries between Nd,Fe14B grains and led to
decoupling, therefore, increasing the coercivity (more than 50%). The Dy was also
diffused along the grain boundaries and partially substituted Nd with Dy in the
Nd.Fe14B grains to form a shell that has a higher anisotropy field than Nd,Fe14B. On
the other hand, decoupling led to a small decrease of remanence (less than 10%).
Another reason remanence decreased is the antiferromagnetic coupling of Dy in the

intergranular phase and Fe in Nd2Fe14B grains.

Even if the results were already not good for the thermal stability after SPS+HD

combined, we can observe that the grain boundary diffusion had no major impact on
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the coercivity temperature coefficient. It went from -1.235%/°C (after HD) to
-1.226%/°C.

4.5.4. Grain boundary diffusion process applied with
Nde2Dy20Al18 to Nd;Dy1Fes7Nbo sZro.sBs with 5wt.% Nd7oCuszo

after SPS and hot deformation processes
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Figure 38: Coercivity (a) and remanence (b) values of Nd7DyiFes;Nbo.sZro.sBs with 5wt.% Nd7oCuso from
20°C up to 100°C after HD and GBD

Since the introduction of Dy had already increased the coercivity to a higher value
when compared with that of the original sample, it was further improved by grain
boundary diffusion. In the same way, the grain boundary diffusion improved the
thermal stability. The coercivity temperature coefficient was improved from -

1.226%/°C after HD to -1.175%/°C. It was -1.183%/°C after SPS.

4.5.5. Discussion

The grain boundary diffusion process showed good results for all SPS processed

samples and hot deformed samples. In all cases, the low-melting-point alloy diffused
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in the grain boundaries, led to decoupling, and therefore, increased the coercivity of

the samples at room temperature.

Concerning the SPS processed samples, the coercivity temperature coefficient
improved. It showed better results than the two alloys method due mostly to the

lower temperature during the process.

When the grain boundary diffusion was applied to hot deformed samples, the
coercivity still improved but the process did not influence the coercivity temperature

coefficient.

4.6.Comparative data on coercivity temperature coefficients and

discussion

All the coercivity temperature coefficients and the processes that were used on the

main samples are listed in Table 7.

This table is made to be read from top to bottom, starting with the basic
composition of each sample, followed by the processes applied one after another to

the sample. When the cell is grey, the process was not applied to the sample.

Concerning the sample Nd;Dy1Fes7Nbo.sZro.5Bs, there is no data concerning the melt-
spun sample and it was not produced again in order to avoid wasting rare-earth

element.

When it is mentioned N/A, no results were obtained due to the coercivity reaching a

zero value.
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To begin with, we will discuss the processes that were applied to the samples during

this study.

First, during the SPS process, the localized high heating led to an uneven grain
growth and a loss of uniformity in the microstructure. This led to a decrease of
coercivity as well as a loss of thermal stability for all samples. To reduce the grain
growth, low melting point alloys such as Nd7oCuso and PrsgCuzsAl; were used during
SPS process. In the case of Nd7oCusg, it improved the thermal stability and the
coercivity of the sample because the low-melting-point alloy diffused along the grain
boundary phase during the SPS process and assisted in maintaining the uniform
microstructure as well as isolating the Nd;Fe14B grains. However, in the case of
PresCuzsAl;, it improved the coercivity of the sample but decreased the thermal
stability of the sample, partly due to the dissolution of Al in the Nd;Fe14B phase.
Therefore, we can conclude that using Nd70Cusp as a low melting point alloy has good
results but the SPS-processed samples with low-melting point alloy still presented

worse results than the melt-spun ribbons of the same compositions.

Second, the hot deformation process was applied on SPS-processed samples.
Previous studies have shown that the hot deformation process reduces the
coercivity of the samples due to grain growth. In this study, the goal was to study the
impact that hot deformation had on the thermal stability of the samples. It showed
that hot deformation did not improve at all the thermal stability of the samples, on
the contrary. All hot-deformed samples presented a decrease of thermal stability.

Therefore, this process is not viable to for elevated temperature application
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permanent magnets, and the combination of SPS process and HD process is not
suitable to obtain a better thermal stability. In some recent study, Zheng et al. [55]
discovered that coercivity of hot deformed Nd-Fe-B samples can be increased by
using alloys with a high melting point as hot-pressed precursors to inhibit the growth
of coarse grains. They obtained a coercivity around 12 kOe at room temperature
after hot deformation. At the optimal hot pressing temperature (550°C), the hot-
deformed magnet gained the optimum alignment and the stacked platelet-shaped
grains were separated by smooth thin grain boundary. They did not study the
thermal stability of the samples but this microstructure of the magnet might lead to
a better thermal stability. Indeed, grain refinement and the optimization of grain
boundaries can eliminate ferromagnetic phases and surface defects, and are among
the most effective procedures for increasing the coercivity. Therefore, this could be

an interesting process to observe, more especially its impact on the thermal stability.

Third, the grain boundary diffusion process was applied to some SPS-processed and
hot-deformed samples. For all samples, we observed an improvement of the thermal
stability. For the hot-deformed samples, the thermal stability was still improved but
as previously discussed, applying hot deformation after SPS is not a suitable process.
For these samples, Ndes2Dy20Al1s was used. Even if we applied it only to SPS-
processed samples, due to the higher content of Al and the diffusion of Al into the
Nd2Fe14B main phase, the thermal stability of coercivity could be inferior to that
using NdzoCusp alloy or PresCuzsAl;. It would be interesting to verify that theory but
once again, using rare-earth element is a current issue in this domain and it would be

preferable to study alternative solutions.
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For the SPS-processed samples, using Nd70Cusg and PresCuzsAl7 showed great
improvement of thermal stability. It was even better than the coercivity of the melt-
spun ribbons. As previously discussed, with Nd7oCuso, the enhancement of coercivity
is mainly attributed to the exchange decoupling of Nd,Fe14B grains as a result of the
formation of the Nd-rich intergranular phase by the infiltration of eutectic melt. To
apply grain boundary diffusion, the temperature of the process is lower than SPS or
HD, and therefore, inhibits grain growth. With PresCuzsAl;, regions of coarse grains
were reduced and overall grain refinement was observed after the addition of
PresCuzsAly [37], leading to an enhancement of coercivity and thermal stability. The
best results of thermal stability were realized with the addition of PregCuzsAl; on the
sample Nd136Fe73.6C06.6Bs.6Gao.c after SPS processing. However, it is possible to apply
grain boundary diffusion directly on melt-spun ribbons and avoid the negative
impact of SPS processing. Xie et al. [56] studied the coercivity enhancement and the
thermal stability improvement in the melt-spun Ndi2Fe77.5CosBs 5 ribbons with
Nd70Cuszo grain boundary diffusion and obtained a coercivity temperature coefficient
of -0.32%/°C (200-150°C). Since SPS processing decrease the thermal stability of the
sample, using directly grain boundary diffusion on the melt-spun ribbons seems to
be a suitable process. It would be interesting to try the grain boundary diffusion of
Nd13.6Fe73.6C06.6Bs.6Gao.s with Nd7oCuso without SPS process and to compare those
results with the literature. Moreover, since we obtained great results with
PresCuzsAly, it would be also interesting to apply grain boundary diffusion to
Ndi3.6Fe73.6C06.6Bs.6Gaos in order to compare it. Another option would be to use the

grain boundary diffusion of heavy rare-earth, such as Dy or Tb, but it is still the same



83
discussion with the use of rare-earth elements. It is an issue in the production of
permanent magnets, not only for the quantity of rare-earth elements available but
also for the raise of the costs of the magnet. Wan et al. [57] obtained good results
with PresCuss and there would be no risk of Al dissolution in that case, therefore, it
could be interesting to try this grain boundary diffusion on Nd13cFe73.6C06.6Bs.6Gao.s
to compare the results and observe the effect of Al in the grain boundary diffusion,

related to its amount.

For this study, processes had an impact on the results but also the chemical
composition of the samples. It seems that a higher Nd content played a role in
separating the NdaFe14B grains with the Nd-rich intergranular phase, leading to a
better coercivity. The Nd content should be above 12 at.%. Moreover, adding Dy to
the composition led to good thermal stability results right after annealing. As
previously discussed, melt-spun ribbons are sensitive to the addition of rare-earth
elements and it had good results improving the thermal stability of the sample and
its coercivity. It would be interesting to apply grain boundary diffusion with
PresCuzsAly to the Nd13Dy2Fez2.2C06.6Bs.6Gaon.s because the coercivity temperature
coefficient of the melt-spun ribbons was the best we obtained in this study: -
0.388%/°C (20-200°C). However, once again, using rare-earth element could raise

the cost of the magnet and this is an issue at stake.

5. Conclusions

In this research, different compositions of Nd-Fe-B magnets with Nd2Fe14B hard

magnetic phase and soft magnetic a-Fe phase were produced and analyzed. The
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composition Ndi3 6Fe73.6C06.6Bs.6Gao.s provided the good results in this study with a
temperature coefficient of coercivity of -0.47%/°C for the melt-spun sample and

without earth-rare elements.

The combination of Dy, Co, and Ga with a 0.2 atomic percentage of Dy
(Nd13Dy;Fe72.2C06.6Bs.6Gaos) resulted in a temperature coefficient of coercivity of -
0.39 %/°C. With an annealing at 610°C, this seems to be the best composition to
start with for a better thermal stability. Applying the following successful processes
on Nd13Dy2Fe72.2C06.6Bs.6Gao.s could possibly improve the results we obtained at the

end.

When it is concerning the thermal stability, SPS seems to deteriorate the
temperature coefficients. Applying this process without NdzoCuso low-melting-point
alloy gives poor results. In order to improve the process, it could be interesting to try
using Dy-Cu alloy instead of Nd-Cu since it had good results in previous studies and

Dy is a central element when the thermal stability is at stake.

However, nowadays, the use of Nd-Fe-B magnets without rare-earth element is also

a problem in terms of thermal stability.

Hot deformation did not provide any improvement at all. It is not suitable for

high-temperature applications.

Grain boundary diffusion was, on the contrary very successful. The
decoupling of the Nd,Fe14B grains and the diffusion along the intergranular region

led to an increase of coercivity. The problem in grain boundary diffusion is that the
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reduction of remanence will also occur because of the decrease of the volume
fraction of the ferromagnetic phase. Minimizing the reduction of remanence while
obtaining high coercivity may be a challenge for future research. However, the
results remained positive and the best one was obtained using PregCuzsAl7 on

Nd136Fe73.6C06.6Bs.6Gao.s with a temperature coefficient of coercivity of -0.36 %/°C.
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