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Chapter 1 General introduction

1.1 Nd-Fe-B magnet industry
This section describes the origins of the Nd-Fe-B magnet industry. The path to
the discovery of Nd-Fe-B magnets and the Nd-Fe-B sintered magnet industry that

emerged from it are described.

1.1.1 Discovery of Nd-Fe-B magnet

The existence of magnets is said to have been known since the time of ancient
Greece. During the Age of Discovery, which began around the 13th century, the
importance of compasses increased in Western Europe as well, where they were
used in large numbers. The scientific analysis of these compasses was carried out
by William Gilbert in England around the 15th century. Magnetite was used as the

magnet for these magnets, which were never very powerful.

At the beginning of the 20th century, research into the synthesis and application
of magnets was undertaken. In 1917, Kotaro Honda of Tohoku University invented
KS steel (Fe-Co-W-Cr). Following this, Tokushichi Mishima of the University of
Tokyo invented MK steel (Fe-Ni-Al) with high coercivity in 1932, and in 1934,
Kotaro Honda invented NKS steel by adding Co-Ti to MK steel. Furthermore, in
1938, General Electric Company developed an alnico magnet with Cu added to
NKS steel. On the other hand, in 1930, at the Tokyo Institute of Technology,
Takeshi Takei and Yogoro Kato invented ferrite magnets [1], which were
completely different from the conventional metal magnets and were made from

oxides.



In the 1960s, the SmCos magnet was developed in the U.S. on the background
of research on the electron arrangement and spin magnetic moment such as
Hund's law. Here, rare earth elements with a magnetic moment of 4f unpaired
electrons came to be used in the magnets and they are called rare earth magnets.
This was the beginning of permanent magnets using the force of single ion
anisotropy possessed by rare earth elements, which will be described later, and

also the beginning of mass use of rare earth elements.

In 1974, Yoshio Tawara et al. [2] developed Sm,Co;; magnets with higher
coercivity, which were widely used in motors and other applications due to their
high coercivity, and magnet manufacturers accelerated the development of
Sm,Co;7; magnets to achieve higher characteristics [3]. In such a situation, TDK
corporation discovered high coercivity by Zr addition, and the high performance of

SmCo magnets reached its peak [4].

In the early 1980s, powerful magnets with the same composition were created

in different places: one as a magnet powder and another as a sintered magnet.

The former was developed by John Croat and his colleagues at General Motors
Company in the USA [5], [6]. The former was an isotropic magnetic powder made
of pulverized ribbons made by the melt-spin method. This magnet powder is mixed
with a resin and used as a so-called bond magnet. The other was developed by
Masato Sagawa et al. in Japan and was an anisotropic sintered magnet [7]-[10].
Both of them were based on the composition of Nd,Fei4sB. In particular, the
magnetic properties of the sintered magnet exceeded those of Sm,Co;;, which
revolutionized the world of permanent magnets. These magnets are called
neodymium magnets or Nd-Fe-B magnets, and no bulk magnet has ever been
developed to date that exceeds these two types of magnets. The history of the
discovery of magnets and their improved magnetic properties of commercial
magnet product is shown in Figure 1-1.
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Figure 1-1 The history of the discovery of magnets and their improved magnetic properties.

Nd-Fe-B magnets have been widely used since the 1990s as voice coil motors
(VCM) for hard disk drives (HDD) and motors, and their use in energy-saving home
appliances accelerated from the late 1990s to the 2000s, with automotive
applications such as electric power steering (EPS) expanding in the mid-2000s.
Especially since 2010, its use in motor and generator applications for xEVs, which
means a generic term of HEV (hybrid electric vehicle), BEV (battery electric vehicle),
PHEV (plug-in hybrid electric vehicle) and FCEV (fuel cell electric vehicle), has been
increasing rapidly. Furthermore, in the recent trend of autonomous driving of
automobiles, the equipment which has been hydraulically controlled until now is
being changed to be electrically controlled. This has increased the use of Nd-Fe-B
magnets. Nd-Fe-B magnets are indispensable in our daily lives and support the

social infrastructure.



1.1.2 Sintered Nd-Fe-B magnet

The current global production of Nd-Fe-B sintered magnets is thought to exceed
100,000 ton, with production increasing every year, partly due to the rapid
increase in demand for xEV applications. Under these circumstances, high
efficiency is required in the manufacturing method of Nd-Fe-B magnets. A method
for manufacturing Nd-Fe-B sintered magnets is described below. The
manufacturing process differs from one manufacturer to another and is not

necessarily the same, the typical process flow is shown Figure 1-2 as a flowchart.

Alloying
Strip casting
Rough milling
Fine milling
Pressing in magnetic field
Sintering

Annealing
Grinding

Surface treatment

Figure 1-2 Typical Nd-Fe-B magnet manufacturing process.

Alloy

The first step is to prepare an alloy with approximately the same composition as
the final magnet product. Raw metals were heated in a crucible to make metal
melting. In general, the composition of Nd-Fe-B magnets is Nd-richer than the
stoichiometric composition of Nd,Fe;4B, and a small amount of Cu and other
elements such as Co, Al, and Zn are added. This is because the formation of Nd-

Fe or Nd-Fe-Cu, which has a lower melting point than Nd,Fe;4B, enables liquid
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General introduction

phase sintering and provides a high-density sintered body at a relatively low
temperature. These Nd-Fe or Nd-Fe-Cu phases are called Nd-rich or R-rich phase.
In addition, as described later, the R-rich grain boundary phase has a great

influence on the coercivity development of the magnet.

In the past, bookmolding and other methods were used to fabricate alloys,
however nowadays the strip-cast (SC) method is mainly used [11]. A SC alloy of
several hundred pm in thickness is produced by pouring molten raw material
solution through a rotating copper roll. When the melt comes into contact with the
copper rolls, it begins to solidify and becomes an alloy with dendrite crystal growth
on the roll surface. A typical cross-sectional picture of the SC alloy is shown in
Figure 1-3. The bottom surface of the figure is the roll contact surface. The gray
area in the figure is the dendrite crystal of Nd,Fe 4B and the white area is the so-

called R-rich phase, i.e., the phase based on Nd-Fe.

Figure 1-3 Cross section of typical SC alloy.



Pulverization
The alloy is ground to a fine powder by two-step milling. The purpose of
pulverization is to extract the anisotropic powder. For this purpose, it is necessary

to mill to the same size as or even smaller than the diameter of dendrite crystals.

The first process is crushing by hydrogen absorption, because rare earth
elements including Nd are highly hydrogen-absorbing; therefore, the Nd-rich
phase absorbs more hydrogen and expands than the Nd,Fe;4B phase and cracks
are introduced. This results in a hard and brittle state for a metal. This process is

called rough milling.

The second process is dry milling, called jet milling. The powder is introduced
into the jet stream and the grinding proceeds by the collision of powder with each
other. The milled powder is classified by a classifying rotor to obtain a fine powder
with a small particle size distribution. In this process, a small amount of lubricant
is added to prevent the powder from being fused with each other by collision [12].
This lubricant has the effect of promoting the rotation of each particle when the
magnetic field is aligned in pressing process, but it is also a source of residual
carbon which is an impurity. The size of magnet powder used in the mass
production of magnets is approximately 3-5 uym. These grinding processes are
carried out in an inert gas atmosphere. This is because rare earth elements are
highly active and easily oxidized. Oxidation results in the formation of neodymium
oxide, which reduces the relative amount of Nd,Fe;4B phase that can be formed,

leading to a decrease in magnetization. This process is called fine milling.

Press-Molding
A magnetic field molding method is used to form magnets. This is done by

forming fine particles, each of which is anisotropic, in the same direction to produce
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an anisotropic magnet with strong magnetization in one direction. For this purpose,
a die is filled with fine powder and pressed under uniaxial pressure with a magnetic
field applied. After molding, an appropriate reverse magnetic field is applied to the
molded product before it is punched out of the die to remove the magnetization of
the molded compacts. If this reverse magnetic field is not applied, the molded
compacts, which are magnetized, will collide violently with each other and be

broken.

In general, there are two types of magnetic field molding methods depending on
the direction of the magnetic field applied [10]. One is to apply the magnetic field
in the same direction as the uniaxial pressing direction, which is called as axial
pressing, and the other is to apply it perpendicularly, which is called as transverse
pressing. When the magnetic field is applied in the same direction, the orientation
of the powder is easily disturbed by the pressure, and the magnetization tends to
decrease. For this reason, perpendicular magnetization is usually applied to form
high-performance magnets. However, depending on the shape of the magnet and
the desired orientation direction, the application of parallel magnetization may be

applied.

Heat-treating

The molded magnets are fired by a continuous or batch furnace. Sintering in a
vacuum is commonly used to achieve high density, and the material is heat treated
at 1000-1100°C for several hours and then quenched. It is then subjected to a
two-step annealing process, which increases the coercivity of the magnet. The

heat treatment temperatures are 800-900°C and 500-600°C, respectively.



Grinding and surface treatment

In general, all magnets are machined and polished. For example, in motors,
magnets are used in close contact with the rotor core, and reducing the gap is
important for effective use of the magnetic flux. A combination of wire cutting,
blade cutting, surface grinding, and curved surface grinding techniques are used
to process and polish the magnets to obtain the desired shape. The required
dimensional accuracy varies from product to product, but in some cases a narrow
tolerance of £ 0.05 mm is required. Since Nd-Fe-B magnets tend to rust easily
under high humidity and high temperature conditions, surface treatment is
sometimes applied. Surface treatment includes passivation treatment, resin

coating and plating film treatment.

The ideal microstructural changes during these processes are briefly summarized
in Figure 1-4. The Nd-Fe-B magnet alloy is a group of Nd,Fe4B columnar crystals
as illustrated in Figure 1-4 (a), and each columnar crystal is a single crystal. The
R-rich phase exists between the columnar crystals. The alloy is pulverized to a size
of a columnar crystal diameter to obtain a fine powder of a Nd,Fe;4B single crystal
as illustrated in Figure 1-4 (b). The R-rich phase is attached to the fine powder.
When this is molded and heat-treated, the Nd,Fe;4B grain is grown and densified
by liquid phase sintering to obtain a polycrystalline ceramic. In this thesis, a region
between two main phase grains is called a grain boundary, which is often referred
to as intergranular grain boundary in the magnet community, and a region
surrounded by three or more main phase grains is called a triple junction. During
liquid phase sintering, the R-rich grain boundary phase was excluded at the triple
junction as illustrated in Figure 1-4 (c). By subsequent annealing, the R-rich phase
at triple junction is once transformed into a liquid phase and returned to the grain
boundary by capillary force as illustrated in Figure 1-4 (d). As a result, it is ideal

that the Nd,Fe4B single crystal grains have a crystal structure separated by the R-
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rich grain boundary phase. The direction of the arrow indicates the easy axis
direction of magnetization of the Nd,Fe;4B crystal. It is important from the
viewpoint of obtaining high magnetization to perform molding and heat treatment
while aligning the easy magnetization axis of the primary particles and finally align

the easy magnetization axis in the same direction as the sintered body.

(a) (b) (c) ~(d)

-\ _— \ /
> o i
/E/\E\/—<7‘> Pty 1 i
) = e %\ T
<,>\—/§/ &y 1t ﬁ T 1 1
/E/ \E\ T\/\ ! PN / ~ i ~

Figure 1-4 Ideal microstructure evolution process; a) dendrite structure of alloy,

b) fine powder, c) liquid phase sintered body, d) sintered body after annealing.

1.2 Origin of hard magnetic properties in Nd-Fe-B magnet

The magnetic properties most required for a magnet are residual flux density
(By) and coercivity (Hg). The relationship between the hysteresis loop and the
residual flux density and coercivity of the magnet is shown in Figure 1-5. Other
properties include maximum energy product, angular ratio, temperature
characteristics, and initial magnetization behavior, etc. The principles of these two

are briefly discussed in this section.



Br Bs

Hc

Figure 1-5 Typical hysteresis loop.

1.2.1 Magnetization

The magnetization of Nd,Fe 4B is determined by the sum of the magnetization
of iron, a representative ferromagnetic transition metal, and Nd (very often Pr is
also used) ions, a rare earth element, present in its crystal structure. The crystal
structure of Nd,Fe;4B is shown in Figure 1-6. The magnetization of iron is due to
the spin magnetic moment of 3d electron orbitals, and Nd is due to 4f electron

orbitals.

-10 -



General introduction

Figure 1-6 Crystal structure of NdxFe;4B.

Here, many other rare earth elements can be substituted at the Nd site. The
magnetization of R,Fe 4B, where R stands for rare earth elements, has been
studied using various rare earth elements [7], [9], [13], [14]. These are

summarized in Table 1-1 together with other properties described later.
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Table 1-1 Magnetic properties of RoFe14B with various rare earth element.

Saturation Curie Anisotropy Anisotropy field
magnetization Is temperature Tc constant K Hx (MA/m)
(M (K) (M3/m?3)

Y.Fei4B 1.42 571 1.41 1.59
CeyFe14B 1.17 422 1.76 2.39
Pr.Fe.sB 1.56 569 6.79 6.93
NdFe,,B 1.60 586 5.36 5.33
Sm,Fe;4B 1.52 620 plane -
GdyFe;4B 0.89 659 1.12 2.00
Th.Fe 4B 0.70 620 7.73 17.51
Dy.Fe;4B 0.71 598 5.34 11.94
Ho.Fe14B 0.80 5733 3.03 5.97
Er,Fe;sB 0.90 551 plane -
TmyFe 4B 0.93 549 plane -
Lu,Fe14B 1.18 535 plane -

In an actual magnet, how large the residual flux density is important. In addition,
actual magnets are often polycrystalline rather than monocrystalline, and the
amount of magnetization is determined by their microstructure and other factors.

This can be expressed in terms of the following equation.

where M; is the saturation magnetization, V., is the volume ratio of the main phase
to the total, p is the relative density, and f is the orientation. The saturation
magnetization is a composition-dependent intrinsic property as shown in Table 1-1,
while the others are extrinsic properties such as microstructure. In order to obtain

a higher residual flux density, it is necessary not only to select rare earth elements
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with a higher Ms, but also to increase the ratio of the main phase by decreasing
grain boundary components and impurities, to increase the density by sintering
sufficiently, and to maintain high orientation of each particle after sintering by

orienting them sufficiently.

The microstructure of a Nd-Fe-B magnet is illustrated in Figure 1-7. The main
phase represents each crystalline particle (grain) of Nd>Fe4B, and these particles
are surrounded by a grain boundary phase called Nd-rich phase or R-rich grain
boundary phase. At the triple junction, there are B-rich, oxide and carbide phases
as unavoidable impurities, and pores are also present. The elimination of these
impurities contributes to the improvement of Vm, and the elimination of pores
contributes to the improvement of p. If the easy axes of magnetization of all the
main phases (grains) are aligned in the same direction (f=1.0), the magnet
exhibits the strongest magnetization in that direction. Such a magnet is called an
anisotropic magnet. A magnet in which the easy axis of magnetization is oriented

in a random direction (f=0.5) is called an isotropic magnet.
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Figure 1-7 Schematic of Nd-Fe-B magnet microstructure.

The maximum residual flux density obtained in the Nd-Fe-B magnet reported is
1.555 T [15], which is about 97% of the saturation magnetization. Even in
commercial magnets, magnets having a residual flux density of about 1.45 T are
sold, and it is not rare that the residual flux density exceeds 90% of the saturation
magnetization. In other words, the intrinsic properties of the material are almost

fully exhibited, and there is little room to extrinsically improve it.

1.2.2 Coercivity

In rare earth magnets, the magnetic anisotropy of rare earth ions is the source
of their coercivity [16], which is why rare earth elements have always been used
in the strongest magnets since the discovery of SmCo magnets. As mentioned
above, it is the electrons of the 4f-shell that are responsible for the magnetism of

rare earth ions. The spatial distribution of the charge density is not a spherical
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object, but rather it has a distorted shape. The shape of the 4f-shell electron

density of trivalent rare earth ions is shown in Figure 1-8 [14].

gﬁfﬁ;&;:;,
PEET

Figure 1-8 Shape of the 4f-shell electron density of trivalent rare earth ions [14].

The magnetic moment is united with the anisotropically spread electron cloud,
which is the cause of the magnetic anisotropy. This is known as single ion
anisotropy. This charge distribution interacts with the charges of neighboring
atoms and ions in the crystal, making the orbitals of the 4f-shell electrons more
likely to be oriented in a particular direction in the crystal lattice. This leads to the
crystal magnetic anisotropy as a crystal. Uniaxial magnetocrystalline anisotropy is
expressed by the angular dependence of the internal energy of the crystal on the
direction of magnetization as follows (For simplicity, the higher order terms are

ignored here.).
EA = K1 Sin2 9

where E, is the internal energy and K; is the magnetic anisotropy constant. On the

other hand, the anisotropy field (H,) is shown by the following equation.

HA = 2K1/MS
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where Mg is the magnetization. The anisotropy field expresses the strength of the
magnetic field required to reverse the direction of magnetization, and is measured
as the strength of the magnetic field that exhibits the same magnetization
(saturation magnetization) when the anisotropic magnet is magnetized along the
hard axis of magnetization and when it is magnetized along the easy axis of

magnetization.
The coercivity is expressed as follows [14], [17].
HC :a'HA_Neff'IS

Where a is a constant and N is the effective demagnetizing coefficient including
the reduction of the magnetic field due to the demagnetizing field of the magnetic
particles themselves and the leakage field generated by the neighboring crystal
grains. a is considered to reflect the effect of the reduction of the anisotropy field
due to surface defects and the reduction of the nucleation magnetic field due to

the orientation dispersion of the easy axis of magnetization [18].

H, and I are intrinsic properties determined by the crystal structure and atomic
species, and it is necessary to select rare earth elements with high H, to increase
the coercivity. However, it should be noted that, if a rare earth element having a
high H, in RyFe 4B structure such as Nd, Pr, Tb and Dy is used, the magnetization
decreases because I is small. Both a and Nk are extrinsic coefficients that depend
largely on the microstructure. That is, magnetically separating the hard magnetic
grains by the non-magnetic grain boundaries is also effective for increasing Hc.
Although the influence of a is particularly large, the physical meaning of this value

is not yet well understood.

As shown in Appendix section, the coercivity of the magnet using only Nd as a
rare earth element is approximately 800 kA/m, and only about 15% of the

anisotropy field is obtained. This is thought to be because the microstructure of
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the actual Nd-Fe-B sintered magnet has not been optimized to exhibit its intrinsic

potential. That is, there is still room to extrinsically improve the coercivity.

1.3 Social Situation of Rare Earth Elements
The use of rare earth elements is essential for Nd-Fe-B magnets. Rare earth
elements are relatively rare elements, and for this reason their prices fluctuate

greatly depending on the supply-demand balance. This situation is explained below.

1.3.1 Rare earth elements used in Nd-Fe-B magnets

The coercivity of Nd-Fe-B magnets, when only neodymium is used as a rare
earth element, is about 800-1050 kA/m. Depending on the shape, these magnets
can only be used at this coercivity up to about 120 °C, and cannot be used for
industrial equipment or automotive applications that are exposed to relatively high-
temperature environments. In practical terms, magnets are used in environments
where they are subjected to a reverse magnetic field, so they must have a
coercivity that is not demagnetized by the reverse magnetic field. The coercivity of
a Nd-Fe-B magnet has a negative temperature coefficient, which means that its
coercivity is reduced under high-temperature environments. If the reverse
magnetic field exceeds its coercivity level, the magnet is permanently
demagnetized. For this reason, magnets used in high-temperature environments

must have a high coercivity at room temperature.

In order to achieve higher coercivity, Nd is often substituted by Dy and Tb in
order to obtain higher coercivity [19]. It is clear from Table 1-1 that Dy,Fe;4B and
Tb,FeisB have a much higher anisotropy field compared to Nd,Fe;sB and

consequently a higher coercivity.
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On the other hand, they have a low magnetization and their magnetization is
reduced by the substitution, since the magnetizations of Dy and Tb are antiparallel
to that of Fe. Magnetic properties of actual Nd-Fe-B magnets and an illustration of
their applications is shown in Figure 1-9. As shown, the residual flux density and
coercivity are in a reciprocal relationship, and it is difficult to satisfy both. It is
generally said that substituting 1 wt% Dy for Nd in Nd,Fe;4sB increases the
coercivity by 160 kA/m and decreases the residual magnetic flux density by 25 mT.
Similarly, replacement with Tb increases the magnetic force by 280 -320 kA/m

and decreases the residual magnetic flux density by 25 mT.
Nd;. Pr: magnetization
\ RsFe14B

/ Dy, Th: heat resistance

VCM
Dy=0-2wt%

/

= = = = -
[l [} w RN w

Br, Residual flux density (kG)

Industrial equipment Automobile
9 Home appliance Dy=5-10wt%
Dy=2-6Wt%
8
7
5 10 15 20 25 30 35

Hcs, Coercivity (kOe)

Figure 1-9 Magnetic properties of Nd-Fe-B magnets and their applications.

The degree of heat resistance required for magnets in each application depends
on the motor design. In particular, in the case of driving motors and generators
for automobiles, it varies depending on the type of XEV, the assumed driving speed
and so on, and is also affected by the presence or absence and type of cooling

system. Even in the case of an automobile, the magnets for electric power steering
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(EPS) and electric parking brake (EPB) are not required to be rotated at a high
speed, so there are few exothermic factors such as the influence of eddy current
loss, and there are few external factors because they are not installed adjacent to

the engine.

Praseodymium (Pr) is also commonly used in Nd-Fe-B magnets. As shown in
Table 1-1, PryFe 4B has a saturation magnetization and an anisotropy field close to
that of Nd,Fe4B. Pr and Nd are located next to each other on the periodic table
and their close nature makes separation and refinement a little difficult, which is
one of the reasons why they are often used without separation. The mixture of Pr
and Nd is called Didymium and was actually considered to be a single element until
1885. The composition of didymium varies from mine to mine, but Nd:Pr = 3:1-
4:1. Therefore, (Nd, Pr),Fe;4B is often referred to as Nd,Fe;4B, and the Pr
concentration is about 20-25% in the molar ratio in TRE generally. It is true that
the intrinsic magnetic properties of Pr and Nd are close to each other, but there is
a disadvantage that the temperature coefficient of coercivity of PryFe;4B is
negatively larger than that of Nd,Fe4B. Therefore, Pr is generally not used alone,

and didymium is used as a mixed rare earth because it is slightly cheaper than Nd.

1.3.2 Nd-Fe-B magnets demand

The demand for Nd-Fe-B magnets has been increasing and is expected to
continue to do so in the future; by 2030, demand is estimated to be at least
240,000 ton and at most 630,000 ton [20]. In 2012, the largest demand, 40%,
for Nd-Fe-B magnets was for industrial motors [21]. This includes motors for home
appliances and industrial machinery. Replacing induction motors and ferrite motors
has significantly improved the energy efficiency of motors. Although demand for
magnets for xEVs was only 2% at the time, this market has grown significantly
and is expected to continue to grow. The International Energy Agency’s (IEA)
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estimate of the breakdown of future vehicle types, which is presented at the Energy
Technology Perspectives 2012. According to this prediction, about half of all
passenger cars should be electrified in some form by 2030. It shows that while
overall vehicle production growth will slow down, however the vehicle electric
motor production will increasingly increase. Inseparable from the electrification of
the vehicle's driving force is autonomous driving. Autonomous driving should use
electric control instead of hydraulic control, which has been widely used in
conventional automobiles. As a result, the amount of electric motor use in
automobiles, such as electric power steering (EPS) and electric parking brake (EPB),
is expected to grow even faster. As a result, the demand for Nd-Fe-B magnets
with high coercivity is expected to increase rapidly. Against this background, there
is concern that the supply of rare earth elements will not be able to keep up with
demand in the near future [22]. In particular, concerns over the supply of heavy
rare earths could directly affect prices. Social and technical measures are needed

to avoid this.

1.3.3 Rare earth mines and supply

Rare Earth Elements are a collective term for 17 elements including the 15
lanthanides (La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) plus Sc
and Y. Here, Light Rare Earth Elements (LREESs) refer to elements with lanthanides
lighter than Eu and Heavy Rare Earth Elements (HREES) refer to elements with
lanthanides heavier than Gd, plus Sc and Y, being lighter than lanthanides though.
In most cases, rare earth ores contain many of these rare earth elements,
especially light rare earth elements, in varying amounts. Rare earth elements are

unevenly distributed on the earth as shown in Figure 1-10 [23].
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Figure 1-10 The world's most famous rare earth deposits [23].

Initially, rare earth elements were excavated and produced in Australia, Malaysia
and India and since the mid-1960s, production from the U.S. Mountain Pass has
been the major source. However, from the mid-1980s, production in China began
to flourish as shown in Figure 1-11 [22], especially from Bayan Obo deposit in

North China, and low prices led to the closure of mines outside of China [24]-[28].
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Figure 1-11 Development of production market of REEs [22].
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China has less than 50% of the world's rare earth reserves, but today most of the
country's output is from China [27]. Furthermore, the production of heavy rare

earth elements is only limited to China [29], [30].

There are two main reasons for the bias in the production of rare earth elements
in China. The first is that in many cases rare earth elements are present with
thorium, radioactive material, which makes their separation difficult, and therefore
their price is high, making it difficult to dispose of the residue [31]. The other is
that the deposits in South China, where heavy rare earth elements are produced,
are special deposits called ion-adsorption deposits. A deposit formed by weathering
of rare earth-containing granite to form a clay layer, which is then deposited and
densified by the rare earths adsorbed to the clay minerals. This makes the
extraction of rare earth elements easier than other deposits. In a conventional
deposit, the ore is classified and sorted, refined and graded, and then roasted and
heated with acid to decompose the ore and convert it to soluble salts, converting
and separating the coexistent iron and other elements into unwanted oxides, and
then removing impurities through chemical operations to obtain a mixed rare earth
salt. In the case of ion-adsorption ores, however, mixed rare earth salts are
obtained by drilling a hole in the deposit, allowing the acid to seep directly into the
deposit and recovering the acid flowing out of the boundary between the clay and
granite [32]. It is a very simple and inexpensive process for the extraction of rare

earth elements, although it is problematic in terms of environmental impact.

Rare earth mixtures made from ion-adsorbed ores must be separated and
purified. This is generally done by the solvent extraction method [33]. In this
method, each rare earth element is dissolved in the aqueous and organic solvent
phases at different concentrations and reaches an equilibrium state. The addition
of an extractant with high selectivity for each rare earth ion will enable more
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efficient separation. Since a sufficient difference in concentration is not obtained in
a single solvent extraction, it is necessary to repeat this process. The mixer-settler
consists of multiple stages of separation tanks, and is capable of continuous
separation [32]. There are environmental problems such as the extractant itself
dissolving slightly in water and the fact that the degraded extractant cannot be
completely incinerated, leaving a corrosive residue, which is why it is almost not

used in Japan.

The use of the 17 rare-earth elements is very unbalanced. The difference
between required and unrequired elements is significant. As mentioned above,
many rare earth elements have similar physical and chemical properties and are
mined at the same time. Because they are mined according to the elements in
high demand, even if the elements in low demand are rare, they will be left over.
In other words, if the rare earth elements to be mined are used in a balanced and
even manner in accordance with the amount of the rare earth elements to be
mined, the supply risk of rare earth elements can be avoided. Of all applications in
which rare-earth elements are used, magnet use is the most in terms of volume
and monetary value [34], and this proportion is expected to increase year by year
[20], [21], [35]. Ohashi estimated the supply-demand balance of each rare earth
element. Although it is difficult to make an accurate estimate due to the problem
of illegal mining, the demand ratio to the supply in 2014 is ranked with La, Nd, Pr,
Dy, Ce, and Tb in order from the highest element [24]. Though La is the highest
in numerical value, Ohashi states that the actual situation is different due to the
influence of excess in the treasury and illegal mining. With the development of
alternative materials, the demand for Ce had been decreased because of a shift to
alternative materials for glass abrasives. As a result, of all rare earth elements, the

four elements used in magnets, Nd, Pr, Dy and Tb, represent the substantially
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highest resource risk. The supply risk of Nd-Fe-B magnets cannot be avoided

unless the four elements used in Nd-Fe-B magnets are simultaneously reduced.

1.3.4 Rare earth policy

In 1992, Deng Xiaoping, China's supreme leader, is reported to have said the
following. "There is oil in the Middle East; there is rare earth in China. Rare earth
resource in China represents 80% of the known global reserves. The position of
rare earth to China is comparable to the role of oil to the Middle East. Rare earth
has the vital important strategic significance. We have to develop rare earth
industry well and exert China's strength of rare earth resource." That's what the
relief, as shown in Figure 1-12, in the Baotou National Rare Earth Hi-Tech Industrial

Development Zone shows.

-24 -



General introduction

Figure 1-12 A relief of Deng Xiaoping (Photograph taken by the author).

As he said, China's development of rare earth elements has surpassed the world
and has always been a strategic material. The economic importance of rare earth
elements has been on the rise recently because of increasing demand and their
relative scarcity. Rare earth elements are essential for many of today’s most

important high-tech products and technologies.

Until now, the price of rare earth elements has been closely related to China's
policy [29]. Since 1997, China has set an export license (E/L) for rare earth
elements; since 2006, it has imposed export tariffs and set a domestic production
control index (a resource index for total mining volume); the 2010 Senkaku Islands

dispute led to a substantial embargo on rare earth elements from Japan. The unit
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price of rare earth elements reached its highest point in 2011. On the other hand,
due to soaring prices, there was a strong movement among end users to substitute
rare earths and reduce the proportion of rare earths used, which led to a sudden
contraction in demand [29], [36], [37] and a sharp spike in prices from the
summer of 2011 as listed in Table 1-2. Before the Senkaku Islands dispute, there
was a demand for rare-earth elements in Japan of over 30,000 tons, but after the
price of rare-earth elements soared (so-called rare earth shock), the demand is

said to have fallen to over 13,000 tons.

Table 1-2 Production volume (2010) and price developments for individual REE oxides [29].

Production (2010) Prices (USD/kQ)

% tonnes 2009 2011 2013 2015
Ce 42.6 5500 30 100 8 2
La 25.4 33000 38 100 20 3
Nd 17.2 22000 63 270 72 47
Pr 5.5 7200 60 225 85 67
Y 4.4 5700 50 165 26 7
Dy 0.7 910 310 1600 557 271
Eu 0.2 260 1400 3300 1102 269
Tb 0.2 260 1400 2750 925 547

A major problem for the world's rare-earth users was the wide gap in the prices
of rare-earth elements within and outside China. The Chinese government had a
dual-pricing policy for important rare earth elements [29]. As a result, users of
rare-earth elements outside China had a higher cost burden than users inside

China, and had been placed at a disadvantage in terms of competitiveness.
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In 2012, Japan, the United States, and Europe asked the World Trade
Organization (WTO) to settle their dispute over China's export controls. In 2015,
Japan, the United States and Europe won the case, abolished the E/L and export
tax, then introduced a resource tax in the name of tighter environmental
regulations. Resource taxes varied by type of ore, reaching 27% for heavy rare
earth elements. During this time, there have been rumors that illegal mining is
continuing in China [38], and the Chinese government is reportedly working hard

to crack down on it.

Thus, there have been various bargains between China's rare earth policies and
increased demand from other countries. There is a huge demand for rare earth
elements around the world. Whenever the price of rare earths has risen, attempts
have been made to redevelop rare earth mines in other countries, but none of
these seem to have been able to sufficiently compete with China's rare earth prices
for technological innovation. Particularly in the case of heavy rare earths, we have

no choice but to rely on ion-adsorption ores only from South China.

1.4 Motivation

Nd-Fe-B magnets show coercivity only less than 20 % (typically 15 %) of the
anisotropy field [18], [39]. Rare earth elements used in Nd-Fe-B magnets are used
because of their high single-ion anisotropy due to their 4f electron clouds however
the effect on coercivity is extremely limited. In other words, the current Nd-Fe-B
magnets do not have the coercivity that should be exhibited, and scarce and
expensive rare earth elements are used wastefully. Of course, rare earth elements
cannot be removed from the crystal structure of R,Fe;4B of the Nd-Fe-B magnet,
but it can be said that elements with excessively high anisotropy are used now.
This is because the extrinsic element of microstructural design and control is
incomplete and the intrinsic properties are not fully extracted. This is the limitation
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of current Nd-Fe-B magnets and the current situation. If microstructural design
and control can provide a higher coercivity, i.e., a coercivity closer to an anisotropy
field, it also means that rare earth elements with lower intrinsic properties, which

are less valuable to Nd-Fe-B magnets at this moment, can be utilized.

As described in Section 1.3, among all the rare earth elements, the rare earth
elements used for Nd-Fe-B magnets, i.e., Nd, Pr, Dy and Tb, practically has the
highest demand/supply ratio and is in a severe supply risk. In particular, with the
increase in motor use in electricity-driven automobile applications, the demand for
automotive applications in all rare earth applications is also increasing significantly.
This means that in the near future, it would be impossible to produce as many Nd-

Fe-B magnets as necessary, and consumers will not be able to benefit from them.

The material science approach of extracting the intrinsic properties of Nd-Fe-B
magnets as much as possible by the extrinsic method of microstructural design
and control and improving the coercivity is consistent with the solution of the risk
of rare earth elements in the present society. Then rare earth elements can be
used in a balanced manner and contribute to the development of a sustainable

society.

From this viewpoint, the following section summarizes what studies have been
conducted to improve the coercivity of Nd-Fe-B magnets. What kinds of studies
have been conducted to eliminate waste in the use of rare earth elements is also

examined.

1.5 Previous works to improve coercivity
In order to solve these problems, studies have been carried out to improve the
coercivity and reduce the amount of rare earth elements used in Nd-Fe-B magnets

in terms of processes and materials. From a microstructural point of view, there
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are two methods: controlling the structure of grains and controlling the structure
of grain boundaries. The former is grain size control and core-shell structure of
grains, and the latter is composition and thickness control of grain boundary phases.
In addition, these microstructural controls are not only achieved by the material
composition, but also greatly related to the process. A number of studies have

been conducted on these issues and are summarized here.

1.5.1 Grain design

Grain size

As described in Section 1.3.1, in general, in order to improve the coercivity, Dy
and Tb, which are heavy rare earth elements exhibiting a high anisotropy constant
and an anisotropic magnetic field, are added. Although the anisotropy field of Nd-
Fe-B magnets is extremely high (5330 kA/m) as listed in Table 1-1, their coercivity
is less than 20% [18] of that (=800-1050 kA/m). If the potential of the anisotropy
field can be fully extracted, a high coercivity can be obtained without relying on

heavy rare-earth elements.

One of the common methods to increase the coercivity is to reduce the crystal
grain size [40]-[48]. The magnetization reversal mechanism of Nd-Fe-B sintered
magnets is explained by the nucleation mechanism [17], [18], [49], [50]. If the
magnetization reversal is due to the nucleation of inverted domains, the frequency
probability of nucleation is correlated with the surface area of the grains [18]. That
is, the nucleation frequency is inversely proportional to the logarithm of the square
of the mean grain size [40], [51]. Figure 1-13 shows the relationship between the
particle size of Nd-Fe-B magnet powders without HREEs and the coercivity of

sintered magnet made from those [40]-[45], [47], [52].
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Figure 1-13 Coercivity of anisotropic Nd-Fe-B magnets plotted

as a function of crystal grain size.

In the case of sintered magnets, the peak of the coercivity is around 3 pm [42],
[43]. When the particle size of the milled powder is reduced, the specific surface
area of the powder increases, which leads to a severe oxidation of the powder and
a substantial decrease in the coercivity because of the decrease in the amount of
R-rich phase at the grain boundary. For this reason, milled powder with a grain
size of 3-5 pym is usually used in industry. If the particle size is less than this,
generally the efficiency of milling for higher coercivity will decrease significantly.
Sagawa et al. succeeded in obtaining pulverized powder of about 1 micron in
particle size by using helium as carrier gas in jet-milling [44], [53], [54] since the
flow rate of helium is higher than that of nitrogen, the grinding efficiency is greatly
improved. However, the aforementioned reduction in grinding efficiency leads to
an increase in the amount of fine powder that is undercut by the cyclone [55] and

increases the amount of rare-earth elements that are wasted.
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Another problem is that the initial magnetization behavior of the magnet
becomes worse as the grain size is reduced. Normally, magnet products are
shipped in an unmagnetized state, and after being incorporated into a motor or
the like at the customer's side, they are magnetized by an external magnetic field.
If the initial magnetization behavior is poor, the magnetization of the magnet does
not sufficiently increase with respect to the applied magnetic field and does not
reach saturation magnetization [56], [57]. The initial magnetization behavior of a
magnet with small grain size shows a two-step curve of magnetization rise in
response to the external magnetic field [44], [58]. It suggests that the grains in
the thermally demagnetized state are in a mixed state with grains in the multi-
domain state and grains in the single-domain state [10], [18]. In Nd-Fe-B magnet,
the magnetization reversal is considered to occur by the nucleation of reverse
domains from the grain boundaries of magnetically isolated grains [59] and this is
called nucleation-type coercivity mechanism [17], [18]. The domain wall
movement is relatively easy, the generation of the reverse domain requires more
energy. In other words, a larger inverse magnetic field is required for the
magnetization reversal of single-domain grains compared with multi-domain
grains. The magnets used in motors are usually embedded in the rotor as non-
magnetized state and are magnetized by applying a magnetic field from outside of
rotor [56], [57]. Therefore, there is a limit to the magnetic field strength that can
be applied in terms of ease of manufacturing, and magnets with poor initial
magnetization characteristics are not preferred. For these reasons, it is undesirable
that the sintered body has a grain size which becomes a single magnetic domain

in a thermally demagnetized state.

-31-



Core-shell structure

As a technique for improving coercivity by microstructure control different from
grain boundary control, production of main phase grains with core-shell structure
is known [60], [61]. The demagnetization mechanism of the Nd-Fe-B magnet is
explained by the nucleation mechanism [17], [18], and the magnetization reversal
of the whole grain occurs by the formation of the reverse magnetic domain on the
surface of the grain. Therefore, if a core-shell structure in which a rare earth
element having high anisotropic field is arranged on the surface of the grain and a
rare earth element having high saturation magnetization is arranged in the inside
of the grain, high coercivity and residual magnetic flux density can be compatible.
Based on this concept, the core-shell structure has been actively formed by the
dual alloy method or the binary main phase (BMP) method [62], [63]. However,
the effect was limited because both phases were originally easy to solid-solute and

mixed by heat treatment.

As a way to improve it, researchers at Shin-Etsu Chemical Co., Ltd. have
developed a technique called grain boundary diffusion [64], [65]. In this method,
a very high coercivity was realized with a small amount of addition of heavy rare
earth element by optimizing the arrangement of the elements [66]. The surface of
the sintered magnet is coated with a heavy rare earth element, and this is heat-
treated in the vicinity of an annealing temperature. The coating method includes a
slurry coating method [65], [67]-[69] and a gas phase method [70]-[72]. Heavy
rare-earth elements dissolve in the R-rich phase and diffuse into the interior of the
magnet through the grain boundaries. Therefore, R,Fe14B phase containing heavy
rare earth elements in high concentration is formed on the particle surface. This
creates a core-shell structure. The formation mechanism of the shell was initially
thought to be diffusion of heavy rare earth elements into the main phase particles

[72], but has come to be thought to be grain growth makes the structure [67].
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However, in this method, it is difficult to avoid the cost increase due to the
addition of a new process, the applicable magnet size (thickness) is limited because
of the limited diffusion driving force, and above all, the amount of heavy rare-earth
elements discarded due to surface processing is large. This is because heavy rare-
earth elements, which are diffusion sources, must be removed from the surface in
order to keep the flat surface of final product and contain the most heavy rare-
earth elements there. Thus heavy rare-earth elements are used and consumed

much more than the amount contained in the magnet as a final product.

In any case, the magnet using the core-shell structure is premised on the use
of rare-earth elements having higher anisotropy such as heavy rare-earth
elements for shell. Therefore, it is not considered to be a fundamental solution for

not using these elements.

1.5.2 Grain boundary design

R-rich grain boundary

Attempts have been made to improve the coercivity by controlling grain
boundaries since the invention of Nd-Fe-B magnet. Because the coercivity is
strongly influenced by the microstructure, especially the magnetic isolation of the
ferromagnetic grains, important microstructure changes are expected to occur
during the post-sinter annealing process, particularly at the grain boundaries [73]-
[75]. However, the reason for this effect had not been understood for a long time
since the discovery of Nd,Fe;sB magnet. One reason for this is that there had no
way to accurately analyze the composition and state of very thin grain boundaries,
which are as thin as a few nm in the past. For example, in an earlier paper by
Sagawa et al., the Nd concentration in the R-rich phase was reported to be 95 at%
and the Fe concentration to be 3-5 at% [7], which is much higher than the Nd
concentration currently considered.
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The grain boundary phase, formed by an annealing process [53], is a R-rich
(Nd-Fe based) phase with a small amount of Cu (=0.1 at%) and had been
considered to be non-magnetic [73], [74]. A small amount of Cu addition has been
found to be effective in increasing the coercivity [76] and has been widely used in
industry. The grain boundary phase plays an important role to decouple the
exchange interaction between each R,Fe;4B grains, then the movement of
magnetic domain walls will be stopped at the grain boundary. Therefore, the R-
rich phase configuration and magnetization are important [76]. However, the exact
composition of the grain boundary has only been revealed in the last 10 years or

so by detailed studies by Hono and his group [18], [76].

Sepehri-Amin et al. accurately determined the composition of thin grain
boundary phase using the 3DAP method and found that the (Fe + Co)
concentration was as high as 65 at% [76], [77]. A thin film having the same
composition was formed, and the magnetic curve was measured to find a soft
magnetic phase having a magnetization of 440 emu/cm?® [76]. Nakamura et al.
directly observed the grain boundary phase remaining on the fracture surface of
Nd-Fe-B sintered body using the soft X-ray magnetic circular dichroism method,
and reported that the magnetization was about 60% of that of Nd-Fe-B grains [78].
In addition, a research group of Hitachi Metals, Ltd. conducted magnetization
estimation of the grain boundary phase of the fracture surface using spin SEM, and

concluded that it was about 0.4 T [79].

As far as the effects of copper addition, thin Cu-enriched layer was also formed
along the R-rich/Nd,Fe4B interface and that could decouple the exchange
interaction [80]-[82]. The eutectic temperature of Nd-Cu was as low as 520°C
[83], which could be due to its liquidation during the annealing process and its

penetration between the particles by capillary action. The role of the R-rich phase,
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which had been used since the invention of the Nd-Fe-B magnet, became clear 30

years after the invention.

Ga-added grain boundary

On the other hand, the effect of adding Ga to Nd-Fe-B magnets to improve their
coercivity has been recognized for a long time. Tokunaga et al. reported that Ga
addition of several at% contributed to the improvement of coercivity in the late
1980s [80], [84]-[87]. At that time, several studies were made on the coercivity
of small quantity of Ga additions using a melt span [88]-[90]. However, at the
same time it was known that the magnetization and the squareness decrease by
Ga addition [91], and the coercivity could decrease depending on the composition
[84]. Such effects were observed not only for Ga but also for various minor
additives such as Al, Nb, Ag, Au and Si [92]-[95]. Initially, it was considered that
the increase in coercivity due to the addition of Ga was caused by the improvement
in wettability of the grain boundary phase [91], [96], [97], which can improve the
penetration of the R-rich phase into the grain boundaries. Since the amount of Ga
addition was small and the analysis technology was not developed at that time, it
was not possible to analyze where and what kind of phase Ga existed in a very
narrow grain boundary region. Formation of Nds;Ga and NdsGas [98], [99],
precipitation in Nd-Fe-B grains [100], and formation of new grain boundary phase
were suggested [101], [102]. Furthermore, TEM analysis revealed that the Nde(Fe,
Ga)i4 phase was observed at triple junction [91], [98], [99], and that Nde(Fe,
Co)13Ga was effective for corrosion resistance [100], suggesting the formation of
NdeFe;3Ga phase. Little is known about the existence of these phases, but it is not
clear whether they are at the triple junction or at the grain boundary and how they

are formed.
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It has been indicated that the Ga-containing phase promoted the magnetic
isolation between particles [97]-[99], [101] however the physical mechanism of
the Ga effect on coercivity still have not been clear. In this way, it was recognized
that Ga addition contributed to the improvement of coercivity, but the physical and
magnetic effect remained unknown. In addition, since there is a problem of
squareness due to Ga addition, it is considered that Ga addition had not used in

the mass production magnet.

TDK Corporation had manufactured Bi-containing magnets for higher coercivity
in the past, and the formation of RgFe;sM phase [96], [103], [104] at grain
boundaries was expected [105] though it was difficult to identify a trace of the
grain boundary phase with the analytical capability at that time. Although it was
known that this phase affected the coercivity, its mechanism was not clearly
understood. Therefore, the application of Ga, Si and Sb as an M element has been
studied to form RgFe;sM phase at grain boundaries since 2007 and found Ga

addition was effective.

TDK corporation has been developing Dy-free magnets, and in October 2012
began manufacturing NEOREC 46HF magnets, which was the first Nd-Fe-B magnet
using ReFejsGa phase, with a coercivity more than 1274 kA/m in a Dy-free
composition. Showa Denko Co., Ltd., an alloy manufacturer, made a press release!
in October 2013, stating that it had succeeded in developing a Dy-free magnet
alloy for factory automation applications and had a presentation at the domestic
conference about the existence of REgFe;4«Mx phase [103], [106]. Chuden Rare
Earth Co. Ltd., another alloy manufacturer, also reported on Ga-added alloys, but

it was reported that what phase Ga would form was unclear [107]. Thus, the

! https://www.sdk.co.jp/english/news/13382/13817.html
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formation and formation mechanism of grain boundary phases in Ga-doped Nd-

Fe-B magnets and their contribution to coercivity have not been well understood.

The authors reported the formation of NdgFe;3Ga [108], [109] at the grain
boundary as concluded in this thesis and the phase was also called as Nde(Fe,Ga)14
phase [52], [110]. The reason why the existence of this phase has an effect on

the coercivity improvement was not clear before then.

Ce-added grain boundary

After the Senkaku Islands issue in 2010, rare earth price hikes have spurred
efforts to reduce the use of Nd and Pr as well as Dy and Tb. In particular, studies
were conducted to replace Ce, which is inexpensive and rich in resources, with Nd

and Pr to reduce the use of expensive rare earth elements.

The substitution of Ce as an alternative light rare-earth element has been actively
studied for RyFe4B alloy [111]-[115], melt-spun [116]-[128], thin film [129],
hot-deformed [102], [130]-[134], and sintered magnets [121], [135]-[142] over
the last ten years. Simultaneous substitution with La, which is also an abundant
element, has been also widely studied [121], [122], [133], [135], [143]-[146].
Since the saturation magnetization Is and the anisotropy field H, of Ce,Fe 4B and
La,Fe4B are much lower than those of Nd,Fe;4B as listed in Table 1-1, it is not
easy to attain magnetic properties that are equivalent to Nd,Fei4sB through
substitution as described in section 1.2. Since the residual magnetic flux density is
largely determined by the composition, efforts have been made to improve the
coercivity. The improvement of coercivity is also an important issue affecting

R,Fe14sB magnets with a smaller Nd content.

Since an R,Fe;4B sintered magnet exhibits a nucleation-type coercivity

mechanism [17], [18], it is possible to increase the coercivity by increasing the
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anisotropy of the shell in the core-shell grain structure [141], [147]. To this end,
techniques such as a binary main phase (BMP) approach involving the blending of
two kinds of R,Fe;4B powder [119], [121], [135], [148], [149], which improved
the coercivity of less than 160 kA/m [150], and a grain-boundary diffusion
approach [130], [148], [151] have been used as same as general Nd-Fe-B magnet.
As a process similar to grain boundary diffusion, the infiltration method of grain
boundary components is used in hot-deformed magnets [102], [131]-[133]. Tang
et al. attempted to improve coercivity by infiltrated hot-deformed Ce-Fe-B with
Nd-Cu, but the increase was only about 0.2 T [131]. It has been found that the

manipulation of the grain boundary is important to both techniques.

Grain boundary phases of Ce-substituted R,Fe;4B magnets have also been
studied. As described above, the method of improving coercivity by introducing a
R-rich phase into the grain boundaries has been widely used since the development
of Nd,Fe;4sB magnets. It has been revealed that an R,FeisB magnet with Ce
substitution forms not only an R-rich but also an RFe, grain-boundary phase [135],

[144].

It has been reported that the RFe;, phase is effective for improving the wettability
of grain boundaries as well as the general R-rich phase [117]. An increase in
coercivity and a decrease in magnetization of a (Nd, Ce)-Fe-B system magnet at a
Ce concentration of about 20% have been demonstrated by melt-span
experiments [117], [118], [140]. It has been reported that this is caused by phase
separation [135] and valence change of Ce [117], [120], but no clear conclusion

has been reached. Thus, the role of the RFe, phase remains still unclear.

As a result of such research, the coercivity of sintered magnets obtained by
substituting Nd and Pr with other resource-rich rare earth elements is difficult to

be accurately compared because the substitution amounts are different, but the
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maximum coercivity is about 720 kA/m [135], [140] and the maximum energy

product is about 240 to 280 kJ/m?> [135].

1.5.3 Grain boundary protection in near-net shaping process

Here was summarized on past investigation on reduction of rare earth use from
process. In order to obtain the magnet as the final product, the magnet is cut and
polished in the manufacturing process, and it is effective to reduce all rare earths
used for the magnet by minimizing the amount of the works. The near-net shaping
method has been studied for this purpose, but the problem is always how to

maintain the grain boundary phase and coercivity.

In the application of autonomous driving technology to automobiles, it is
inevitable to use electric power for all control systems of automobiles, and for this
reason, electric power for power steering, parking brakes, etc., has been promoted.
Surface permanent magnet (SPM) motors are often used for these motors, and
arcuate magnets are used instead of simple rectangular magnets [152] . More
machining is required to produce such shaped magnets. Since the machined
residue is disposed of as an oxide that is difficult to recycle, the amount of Nd, Pr,
Dy, and Tb disposed can be reduced when near-net shape molding becomes
possible. The difficulty in near-net shaping is due to the poor flowability of the dried
magnet powder [44], [153]. This is because powder with low flowability is difficult
to fill in the die during pressing [154]. In particular, the narrower the opening and
the deeper the cavity, the more difficult it is to fill. The Nd-Fe-B magnet powder
has poor flowability due to the following reasons: the shape is irregular because it
is a breakdown powder [155]; the Hamaker constant [156] is relatively large
because it is a metal powder and as a result Van der Waals adhesion is large [157].

Powders with high cohesiveness generally have low fluidity.
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By the way, the Nd-Fe-B magnet powder is pulverized from a polycrystalline
substance to a single crystal size, and in the state before magnetization, the
magnetic flux is closed in the particle of multi domain structure, and as a result, it

is considered that magnetic aggregation is not generated.

If the flowability is poor, it is difficult to fill the cavity of the narrow and deep die
with powder. Therefore, a desired shape is cut out by molding using a die shape
which is easier to fill and cutting the sintered magnet. In order to improve the
filing property of the mold, several molding methods different from the
conventional dry molding technique have been developed [158] such as the wet
molding method [159], [160], the metal injection molding (MIM) method [161]-
[163] and additive manufacturing (AM) [164]-[167] as described below.

In the wet process, powder is filled into a mold in a slurry state. It is well known
that this method was mass-produced and applied by Hitachi Metals, Ltd. as a
method for handling powders at low oxygen concentrations, which is called Hitachi
low oxygen process (HILOP). Since oil is used as a dispersion medium, the magnet
powder does not come into contact with oxygen, and oxidation of the magnet
powder is prevented. Because the slurry is macroscopically liquid, it is easy to fill a
narrow cavity. However, the residue adheres to the piping and the like, and the
material yield is lowered from the viewpoint of the whole magnet manufacturing

process.

In the metal injection molding process, the magnet powder is mixed with a
thermoplastic resin and injection molding is performed. In the molding, the
magnetic field orientation is also carried out. As with the general injection molding
of resin, it is easy to form a desired shape, however there is also a problem that
the material yield does not increase because the runner remains as same as

conventional ceramic injection molding (CIM) process.
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Additive manufacturing (AM) is a technique to form an object by stacking
materials, and is a relatively new near-net shaping technique. Although
applications to magnets have been attempted, their use is limited to isotropic
bonded magnets [165], [166] because of the difficulty in orienting primary
particles and in demineralizing resins. Application to sintered magnets requires the
construction of measures to prevent carbonization and oxidation as well as the Wet

and MIM methods.

A problem common to those methods is that the elimination of oil or resin is
required as a pre-process for sintering. Since oils and resins contain carbon or both
oxygen and carbon, they easily combine with Nd at high temperatures to form
oxides and carbides. Since this removal is not easy, there is an adverse effect that
the size of the magnet is limited. To prevent this, it is necessary to carry out a long
time decarbonization such as long-time low temperature heating, treatment in
hexane [161], [163], or/and a heat treatment in hydrogen [161], [162], which
causes a complicated magnet manufacturing process and a cost up. Further, in
these methods, residue tends to remain in, for example, pipes and filters during
the process, and the deterioration of the material yield is a problem. Therefore, it

is difficult to reduce the amount of rare earth elements in total.

As illustrated in Figure 1-6, Nd-Fe-B magnets are composed of grains, grain
boundary phases, and several impurity phases. The larger the volume occupied by
the grains, i.e., the R Fe 4B phase, the higher the magnetization is obtained, but
the grain boundary phase decreases. As discussed in Section 1.5.2, a decrease in
the grain boundary phase enhances the exchange interaction between particles
and reduces coercivity [168]-[175]. Therefore, one of the most important issues
in near-net shaping is to prevent coercivity degradation by constructing an oxygen

and carbon less process.
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In this regard, in the late 1990s, researchers at Sumitomo Special Metals Co.,
Ltd. developed a granule forming method [171]. This is the only previously
reported metal magnet granulation technique. Flowability of powder was improved
by using spray-dry granules. The oxygen content had to be kept below 10,000
ppm [175]. To avoid oxidation of Nd-Fe-B magnet powder as much as possible,
cold water with reduced dissolved oxygen was used [170] as a dispersion medium
and poly-vinyl alcohol was used as a binder when preparing a slurry to be applied
to the spray dry method. The carbon content had to be kept below 1,000 ppm
[171]. For that purpose, a hydrogen decarbonization process was added to reduce
residual carbon [171]. Although the coercivity was maintained in exchange for the
addition of the high-cost decarbonization step, the obtained residual magnetic flux
density remained at about 90 to 95 % of using non-granulated powder due to the
strength of the bonding force between the primary particles. Although the granule
forming method is effective in reducing magnet waste by near-net shape forming,
it is difficult to reduce residual oxygen and carbon in order to maintain coercivity,
and a problem remains that sufficient residual magnetic flux density cannot be

obtained.

1.6 Purpose of the present study

The purpose of this thesis is to improve the coercivity in an extrinsic manner by
designing and controlling the microstructure, especially the grain boundary
structure. This requires material science of how and what phases with what
magnetic properties are arranged at grain boundaries, and why they improve
coercivity. Especially, the introduction of new grain boundary phase is examined.
Thus, if the dependence on the intrinsic characteristics of the specific rare earth
elements can be reduced, it is possible to reduce the amount of those specific rare

earth elements used in the Nd-Fe-B magnet.
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Although the amount of rare-earth elements cannot be reduced compared with
the stoichiometric composition, the required magnetic properties can be ensured
by using rare-earth elements with lower intrinsic properties and supplementing
with an extrinsic method of grain boundary phase control. Furthermore, a process
that utilizes these technologies and can reduce the amount of rare earth element

waste in the manufacturing process is proposed.

If the use of Nd, Pr, Dy, and Tb, which are the four elements with the largest
resource risk among whole rare earth elements, can be reduced, it will contribute
to the sustainable development of social demands such as the future electrified
vehicle and autonomous driving society. Since the reduction of one element is
insufficient and the reduction of all four elements is necessary, the fundamental
study on coercivity of Nd-Fe-B magnet was aimed. The actual target was to reduce
all elements by 50%. The purpose and solution method are described in detail

below;

Nd and Pr are rare earth elements that have been considered essential for Nd-
Fe-B magnets, and Dy and Tb are rare earth elements that have been considered
essential for high coercivity magnets. Therefore, it is necessary to consider the
improvement of coercivity by using different grain boundary phases for each of

them.

In order to reduce the amount of Dy and Tb used, the grain boundary phase of
NdeFe;3Ga was introduced. In the past, attempts have been made to improve the
coercivity by using Ga-doped magnets, but these improvements are not sufficient
and have not been applied to commercial magnets. Moreover, there is no clear
report that NdeFe;3Ga could form at grain boundary but triple junction, and the

magnetic separation performance is not clear. The formation of this grain boundary
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phase, the confirmation of its existence, and the elucidation of its magnetic
characteristics and formation mechanism are carried out. In addition, the
mechanism of how the formation of this phase contributes to the enhancement of
coercivity is verified. By further extracting the potential of Nd-Fe-B magnets that
do not contain Dy and Tb, reduction of the use of Dy and Tb by more than 50% is

aimed. This is summarized in Chapter 2.

The introduction of R¢gFe;3Ga and RFe, phases is attempted to reduce the use of
Nd and Pr. (where R is a plurality of rare earths including those other than Nd, Pr,
Dy and Tb) Substitution with Ce has been attempted to reduce the use of Nd and
Pr. However, there is no report that R¢Fe;3Ga was formed in the grain boundary
phase containing Ce. Therefore, we first search for candidate rare earth elements
to replace Nd and Pr by elements rich in resources including Ce, and introduce
RegFe;3Ga grain boundary phase in this magnet, and clarify its magnetic properties
and formation mechanism. Furthermore, the effective use of the RFe, phase was
investigated. The mechanism of how the formation of these phases contributes to
the enhancement of coercivity is verified. This leads to the extraction of the
potential of Nd-Fe-B magnets with 50% reduction of Nd and Pr. This is summarized

in Chapter 3.

For the purpose of reducing the amount of rare earth element waste in Nd-Fe-B
magnet manufacturing, the introduction of the technique which enables the near-
net shaping without damaging the grain boundary phase is tried. Further reduction
of rare earth elements will be achieved by establishing a method applicable to
magnets with new grain boundary phases introduced in Chapter 2 and Chapter 3.
Many near-net shaping methods have problems of oxidation and carbonization of
grain boundary phase, and are not necessarily connected to actual waste reduction.
Therefore, a granule forming method which retains the grain boundary phase and

does not damage the coercivity of the magnet is established. A new granule called
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liquid-bound granule is introduced to protect the grain boundary phase from
oxidation and carbonization. Thus, the waste amounts of Nd, Pr, Dy and Tb are

reduced. This is summarized in Chapter 4.
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Chapter 2 Microstructural design of Ga-added grain

boundary phase for Dy and Tb reduction

2.1 Introduction

In 1997, Toyota Motor Corp. introduced the Prius, a Hybrid Electric Vehicle (HEV).
Electric cars had existed before then, but they never became a major player
because of the range problem. The Prius acted as a hybrid, seamlessly connecting
the engine and electric motor drive, making it distinct from previous electric cars
with less mileage. Since that time, a large amount of highly heat-resistant Nd-Fe-

B magnets has been used for the main motor and generator in automobiles.

Depending on the vehicle type, magnets for the main motor and generator for
electrified vehicles are expected to be used at a high temperature of about 140-
200°C. In contrast, the coercivity required for magnets depends on the design of
the motor, but it can be as high as 1700-2700kA/m at room temperature, which
is considerably higher than that of motors for industrial equipment and home
appliances. When a simple substitution of Nd and Dy or Tb was attempted to
achieve this coercivity, the amount of substitution was equal to around 5-10 wt%
Dy or 2.5-5 wt% Tb. As shown in Table 1-2, as of 2014, the price of Dy oxide and
Tb oxide were more than five times and ten times that of Nd oxide, respectively,
so the price of such high heat-resistant magnets is very expensive, and there have
been concerns about resource depletion and supply. Furthermore, simple
substitution of Nd with heavy rare-earth elements greatly reduced the
magnetization of the magnet, resulting in a decrease in the torque of the motor.
Under these circumstances, it was necessary to develop a technology to achieve

high coercivity without using heavy rare earth elements, such as Dy and Tb.
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In this background, in order to obtain a magnet with high coercivity which can
be used for motor and generator of electrified vehicles without using heavy rare
earth elements have keenly studied. In particular, the isolation of each grain by
grain boundary phase control was attempted in the Ga-doped system to take
advantage of the high anisotropy field of Nd-Fe-B magnets. The detailed
observation of grain boundaries in relation to heat treatment was also carried out

to understand the mechanism of high coercivity.

2.2 Experimental procedure
The sintered magnets were prepared by the conventional method as shown in

1.1.2. The details are described below.

2.2.1 Sample preparation

All raw alloys were produced by the strip casting method and had the
composition of (14-14.5) at% TRE (Total Rare Earth)-Co-B-M-bal. Fe (M=Cu, Al,
Ga, Zr). The rare-earth elements contained in the alloys were Nd and Pr, and the

amount of others was negligibly small.

The raw alloys were coarsely pulverized by a hydrogen grinding method followed
by fine pulverization by a jet milling method to obtain fine powders of 2.5t0 3.5 p
m in average diameter. The powders were pressed in a magnetic field of 1600
kA/m to obtain compacts. Those compacts were sintered for 4 hours at around
1273 to 1333K in a vacuum, and were then annealed for 1 hour. The pulverizing,
pressing and sintering processes were carried under a low oxygen atmosphere of

less than 50 ppm.
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2.2.2 Measurement of general properties

The magnetic properties of the specimens were measured with a BH tracer
(Tamakawa Co., Ltd.), high-temperature BH tracer (Toei Industry Co., Ltd.) and
vibrating sample magnetometer (VSM, Tamakawa Co., Ltd.). Microstructural
analysis was performed by FIB-SEM, EPMA, TEM and 3DAP (three-dimensional

atom probe).

2.2.3 Grain boundary evaluation by 3DAP

Atom probe tomography is a powerful characterization method to obtain three-
dimensional distributions of atoms in materials at nearly atomic-scale resolution by
detecting atoms one by one. A Three-Dimensional Atom Probe (3DAP, LEAP4000,
AMETEK CAMECA) was applied to evaluate the composition at grain boundary. The
analysis area, which includes grain boundary region, is sampled, and mounted to
the sample holder for 3DAP by using FIB-SEM. The sample is prepared in the
needle shape with a diameter of 50-100nm and length of several hundred nm. The
specimen was biased by laser pulsing and evaporated atoms were detected by a
position sensitive detector to obtain a 3D mapping of the elements as illustrated in
Figure 2-1. A line profile perpendicular to the grain boundary plane was taken from

the 3D mapping in order to roughly estimate the grain boundary width.
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Figure 2-1 Principle of 3DAP measurement.

2.2.4 Synchrotron radiation measurement

The XRD measurement for the phase analysis was performed with synchrotron
radiation. The measurement was carried out on beamline BLO2B2 at SPring-8 in
Hyogo, Japan. An isotropic sintered magnet was prepared. A sintered specimen
was ground to the size of 0.24 x 0.24 x 15 mm and then sealed in a quartz tube
capillary filled with inert gas as shown in Figure 2-2. For the high temperature
measurement, the specimen was heated to a desired temperature at a heating
rate of 50 K/min, after which XRD measurements were performed twice within 4
min, and the specimen was then heated repeatedly to another desired temperature.

The XRD profiles were measured with a wavelength of 0.412452(2) A.
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Figure 2-2 A specimen for XRD measurement in a quartz tube.

2.2.5 Coverage ratio of grains by grain boundary phase

The grains are surrounded by grain boundary phases existing at the triple
junctions and grain boundaries. In order to evaluate the microstructure
quantitatively, the coverage ratio of grains by the grain boundary phase was
estimated. Grains and grain boundaries were recognized automatically on SEM
images by using an in-house image analysis software. Because it was not possible
to recognize grain boundaries thinner than 20 nm in the magnitude of SEM image
as shown in Figure 2-3, those grain boundaries were manually complemented on
the image. The ratio of the length of the grain boundary which was automatically
detected to the length of the grain boundary which was manually complemented
was defined as the coverage ratio of grains by grain boundary phases with

thicknesses of more than 20 nm.
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(c)

Figure 2-3 Derivation of coverage ratio; (a) SEM photographs, (b) automatically detected grain

boundaries and (c) manually complemented grain boundaries.

2.3 Results and discussions

2.3.1 Particle size

It was confirmed how small the grain size can be reduced in terms of initial
magnetization behavior. Sintered magnets with various powder diameters as
starting material were prepared. A magnetization field of 160 kA/m was applied to
the magnets and magnetic flux was measured with a flux meter, after which a
magnetization field of 320 kA/m was applied and increased repeatedly to that of
4776 kA/m. The magnetization ratio normalized by the amount of magnetic flux

at full magnetization as a function of magnetization field is shown in Figure 2-4.
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Figure 2-4 Initial magnetization curves for Nd-Fe-B magnets

with various D50 starting powders.

Magnets with starting material having a D50 less than 2.0 pm show two-step
curves. It is considered that step is related to the magnetization rotation of single
domain. In the case of the 1.3 pm specimen, the magnet is considered to contain
5 % of single domain grains estimated from the 1 step magnetization, which are
harder to magnetize than multi domain grains which show nucleation type
magnetization [17], [18]. Considering the fact that the coercivity increases as the
crystal grain size becomes smaller, a fine powder with an average diameter of 2.5

- 3.5 um was applied to the development of the HREE-free magnet.

2.3.2 Magnetic properties of Ga doped specimen
A developed specimen with a Ga addition of 0.6 wt% was prepared with using a
diameter for starting powder of 2.5 pm. Its magnet composition and heating

conditions were optimized to achieve the best balance of residual magnetic flux
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density, coercivity and squareness ratio. The developed specimen showed residual
flux density of 1370 mT, coercivity of 1830 kA/m and squareness (Hy/Hc) of 97%,

as shown in Figure 2-5.

1600

1400

1200

1000

800

J (mT)

600

400

200

0
-2000 -1500 -1000 -500 0

H (kA/m)

Figure 2-5 Demagnetization curve of developed specimen.

Most of the analyses discussed below were performed with this developed
specimen. For comparison, a conventional specimen with the composition of
14at% TRE-Co-B-M-bal. Fe (M=Cu, Al, Zr), which showed a coercivity of 1080

kA/m, was also prepared.
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Compared with a Nd-Fe-B magnet with a coercivity of 1830 kA/m containing 4
to 6 wt% Dy in general, the achieved coercivity without heavy rare earth elements
substitution is remarkably high. The initial magnetization curve measured by a B-
H tracer is shown in Figure 2-6. Since the average diameter of the starting powder

was 2.5 um, there’s no step observed in this magnetization curve.
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Figure 2-6 Initial magnetization curve for a magnet with a coercivity of 1830 kA/m.

The temperature dependence of coercivity was measured using mass production
specimens which contain Dy as references. The result is shown in Figure 2-7. The
coercivity at room temperature differs from sample to sample. The developed

specimen shows a same or better temperature dependency to above 400 K and
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the coercivity is slightly better than that of the commercial I specimen which shows
higher coercivity at room temperature than developed. The temperature coefficient
B of the coercivity was -0.64 K /%, -0.67 K /%, and -0.68 K /% (293-413 K) for
the developed material, Commercial I material, and Commercial II material,
respectively. From these results, the developed HREE-free Nd-Fe-B sintered

magnet can be practical for industrial use.
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Figure 2-7 The temperature dependence of coercivity of an HREE-free sample compared with

commercial samples as references.
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2.3.3 Identification of grain boundary phase

The microstructures of the conventional and developed specimens were observed
by SEM, as shown in Figure 2-8. The conventional magnet was prepared with the
composition of 14 at% TRE-Co-B-M-bal. Fe (M=Cu, Al, Zr) using powder with an
average diameter of 4.0 um. As shown in Figure 2-8 (a), in the conventional
specimen, a grain boundary is hardly observed between the grains but triple
junctions are present. This is due to the fact that the grain boundary phase is thin
(less than 20 nm at most, considering from the resolution of SEM image at this
magnification) or almost non-existent. In contrast, in the developed specimen, a
grain boundary is easily observed and is continuously connected to the triple
junctions, as shown in Fig. 2 (b). In order to quantitatively judge how much the
grains are surrounded by the grain boundary phase, the coverage ratio of grain
was determined. The average value of how much the grain boundary of each grain
is covered by the grain boundary phase recognizable in the SEM image was
obtained by image analysis. Although the coverage varies depending on the image,
the coverage ratio of the conventional specimen and the developed specimen was

about 20% and 75%, respectively.

Figure 2-8 Cross-sectional images; (a) Conventional specimen and (b) Developed specimen.

- 56 -



Judging from the SEM contrast, several grain boundary phases coexist. The
grain boundary phases were roughly identified by EPMA as R(Nd, Pr)-rich, Fe-rich
and a small amount of RO, phase. The existence of Ga was not recognized inside
the grain. The Fe-rich phase is only observed in the developed specimen. The
composition of these phases at the grain boundary was precisely investigated by

using 3DAP.

Line profiles perpendicular to the thin grain boundary plane were extracted from
the 3D mapping of the elements. A typical line profile across grain boundaries of
conventional specimens, especially thin grain boundary phases that are difficult to
observe with SEM, were measured, as shown in Figure 2-9. The bright line in
Figure 2-9 (a) is the grain boundary. The width of the grain boundary is less than
5 nm. In principle, 3DAP cannot accurately estimate the distance along the length
of a needle sample, the width estimated from 3DAP almost coincides with the
observational result by FE-SEM (Field Emission SEM) without correction. The Fe
content at the grain boundary region is slightly lower than that in the grains.
Judging from the iron concentration, it is difficult to say that this grain boundary
phase is non-magnetic. Although the concentration of R (Nd, Pr) was not constant
between grain boundaries, most grain boundaries observed contained less than 30
at% R(Nd, Pr). Although the Nd-rich phase contains more Nd than the Nd,Fe 4B
phase (11.8 at% Nd), it still contains more than 70% Fe, indicating the possibility

of having a large magnetization.
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Figure 2-9 Compositional distribution at grain boundary of conventional specimen;

(a) 3DAP mapping of Nd and (b) Line profiles across the grain boundary.

It is difficult to determine the minimum thickness of the grain boundary phase
required to break the magnetic coupling between particles. The exchange length
(Lex) of the Nd,Fe 4B phase is around 2.1 nm, calculated from the equation below;

Aex

L =
ex U * M52

where Ao« and M; are the exchange stiffness and saturation magnetization,
respectively, however the dipolar interaction would remain because of its rather
long-range interaction [74]. The domain wall width of Nd,Fe;4B is estimated to be
about 5 nm experimentally [176], [177], and decoupling in a thinner region is
expected to be difficult. Therefore, the thin grain boundary phase with high iron

concentration as shown in Figure 2-9 may not be able to break the magnetic

coupling between particles.
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The line profiles of the bright and dark phases between two grains in the
developed specimen were measured as shown in Figure 2-10. Both the grain
boundary phases were thicker than that in the conventional specimen. The bright
phase, which is R-rich phase, was composed of more than 95 at% R (Nd and Pr)
and less than 5 at% Fe, as shown in Figure 2-10 (a). The concentration of R (Nd
and Pr) varied with the observation point, and was roughly from 70 to 100 at%.

In all cases, the concentration was much higher than that of the conventional

specimen.
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Figure 2-10 Compositional distribution at grain boundary of developed specimen;

(a) Bright phase and (b) Dark phase.

Next, an attempt was made to identify the Fe-rich phase, which is observed as
a dark area at the grain boundary. A composition profile of the dark grain boundary
is shown in Figure 2-10 (b). The concentration of each element in the grain
boundary phase is almost constant, being 30 at% R (Nd and Pr), 65 at% Fe and 5
at% Ga. The thin Fe-rich grain boundary was identified as the R¢T13M phase, which

has a LagCo;1Gas crystal structure, as shown by its diffractogram in Figure 2-11.
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From these, the dark grain boundary phase is considered to be the R¢Fe;3Ga phase,
where R is Nd and Pr. Hereinafter, the (Nd, Pr)sFe;sGa phase is conventionally

referred to as NdsFe;3Ga.

Both R-rich and Nd¢Fe;3Ga phases are considered to be important for high
coercivity, but the formation of the latter phase is unique to Ga added specimens.

Therefore, the NdeFe;3Ga phase was investigated in detail.

Figure 2-11 Diffractogram of Fe-rich phase at grain boundary;

(a) TEM image of Fe-rich phase and (b) Diffractogram taken at rectangular area in (a).

2.3.4 Effect of annealing on Ndg¢Fe;3Ga grain boundary phase

The characteristic of the developed specimen is that the NdgFe;3sGa phase
constitutes a thick grain boundary, and this grain boundary phase is formed by
annealing. Figure 2-12 shows SEM photographs of the developed specimens before
and after annealing. There is no gray phase before annealing, i.e., Nd¢Fe;3Ga phase,

but a thick and clear Nde¢Fe;13Ga grain boundary phase is formed after annealing.
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Moreover, the white R-rich phase also forms thick and clear grain boundaries. The

formation of these grain boundary phases was investigated.

(b)

WD= 50 mm EHT = 1.50 kv
Mag= 250KX FIB Imaging = SEM

WD= 50 mm EHT = 1.50 kV
Mag= 250KX FIB Imaging = SEM

Figure 2-12 Cross sections of developed specimen;

(a) before annealing and (b) after annealing.

First, the relationship between the annealing temperature and magnetic
properties was investigated. Two kinds of specimens, conventional composition
without Ga and developed composition with Ga were prepared without annealing,
and were then first annealed at 1073 K for 1 hour and second annealed at various
temperatures for 1 hour, after which residual magnetic flux density and coercivity

were measured, as shown in Figure 2-13.

-61 -



—~
o
~
—~
(=)
~

Lo 160
S W/* 14¢ 1500
——
14( 14 140 -
1300 | 14 1300 | ==
o) os]
1200 - @ Si00 k %
<V W [ —
E1100 | 1400 3 E1100 - 3
1 % — -
31000 - 1380 J 31000 | S
T o900 | Sore 1 T 900 |
800 g 134 800 |®
700 | 700 |
! O | N (N [N 600 | [N T (N N (N S
assintered 600 700 800 900 1000 1100 1200 assintered 600 700 800 900 1000 1100 1200
Annealed Temperature (K) Annealed Temperature (K)

Figure 2-13 Annealing temperature dependence of magnetic properties;

(a) conventional Ga non added specimen and (b) developed Ga added specimen.

In the conventional specimen, the residual magnetic flux density hardly changed
by annealing temperature, and the coercivity was improved by about 200 kA/m in
the annealing temperature range of 800-1100 K. On the other hand, in the
developed specimen, the residual magnetic flux density decreased and the
coercivity increased dramatically to about 700 kA/m in the annealing temperature

range of 700-1000 K.

Generally, the densification and phase formation of Nd>Fe;4B grains is completed
in the sintering stage. Since the annealing procedure is performed at much lower
temperatures than the sintering procedure, the Nd,Fe;sB main phase, which
decides magnetization, does not change in the annealing stage as shown in Figure
2-13 (a). However, both the increase of coercivity and the decrease of
magnetization occurred in the annealing stage for the developed specimen as
shown in Figure 2-13 (b). This indicates that decomposition of the Nd,Fe;sB main
phase and formation of Nd¢Fe;3Ga grain boundary phase occurred simultaneously
in this temperature range in Ga added specimen. The decrease of residual flux
density is not observed below 700 K or above 1000 K. This means the NdsFe;3Ga
grain boundary phase which affects coercivity is formed only in the limited

temperature range between 700 K and 1000 K. The cross sections of the developed
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specimens annealed at various temperatures are shown in Figure 2-14. A thick,
continuous grain boundary phase is observed in the specimens annealed at 773 K
and 973K, but this grain boundary phase between two grains becomes thinner and

discontinuous at 1073 K.

Figure 2-14 Cross sections of developed specimens annealed at various temperatures.

Next, the temperature range of grain boundary phase formation during
annealing was investigated more directly, focusing on the Nd¢Fe;3Ga phase. The
temperature dependence of the XRD spectra in the developed specimen was
investigated in detail. Due to the low intensity of the NdeFe;3Ga phase, synchrotron

radiation was used.

The XRD profiles of the developed specimen without annealing were measured
at high temperatures, as shown in Figure 2-15. The formation and annihilation of
Nde¢Fei3Ga phase was successfully captured by XRD for the first time. At lower

temperatures, there are no peaks which indicate the Nde¢Fe;3Ga phase. The phase
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appears between 800 K and 850K, but substantially disappears at 1075 K, probably
because of decomposition. On the other hand, the peak of Nd-metal existing at
room temperature disappears above 850 K, probably because of melting by a

eutectic reaction with Cu.
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Figure 2-15 Temperature dependence of XRD spectra of developed specimen during heating.

After sintering (before annealing), the specimens were exposed once to the same
temperature range as that exposed during annealing process though Nde¢Fe;sGa
phase did not form after sintering. It was thought that the rapid cooling after
sintering might make formation of the NdgFeisGa phase difficult. In order to
confirm this, the specimen was once annealed to a high temperature at which the
Nd ¢Fe;3Ga phase disappears, and then rapid-cooled at the cooling rate of -100
K/min. The XRD profiles are shown in Figure 2-16. When rapid cooling was applied,

the Nd ¢Fe;3Ga phase did not form.
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Figure 2-16 Temperature dependence of XRD spectra of developed specimen

during rapid cooling.

These results indicate that the formation of the NdgFe;sGa phase occurs in a
certain limited temperature range and also requires a certain amount of time. Most
importantly, the high coercivity temperature range shows good agreement with
the Nd¢Fe;sGa phase formation range as shown in Figure 2-13. The slight
difference in the temperature ranges for phase formation and for high coercivity
could be caused by the difference in annealing time. Specifically, for measurement
of magnetic properties, the specimens were annealed for 1 hour, while for XRD,

annealing was performed for only 4 min at each temperature.

The relative temperature change of several main peak intensities of Nd.Fe;4,B
phases in XRD is shown in Figure 2-17. The peak intensity decreased with
increasing temperature due to thermal fluctuation. There is a temporary increase
in the rate of decrease at 700-800 K for all Miller indices. This is estimated to

decrease with the decomposition of Nd,Fe 4B phases. Since this temperature range
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was just below the formation start temperature of the NdgFe;3Ga phase, the results
proved that the NdgFe;3Ga phase was formed using Fe after the decomposition of

the Nd,Fe14B phase.
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Figure 2-17 Main peak integrated intensities of Nd>Fe14B as a function of temperature.

Figure 2-18 shows an example of a TEM photograph of the interface between
Nd,Fe14B and Nd¢Fe;sGa. The facet growth of NdgFe;3Ga is observed for Nd,Fe;4B.
The NdCu-rich amorphous phase of about 1-2 nm exists between the two phases,
and it is considered that the decomposed Nd,Fe 4B supplies Fe to the Nd¢Fe;3Ga
phase through this amorphous phase. Although not all grain boundaries observed

were faceted, this helps to understand the crystal growth of Nd¢Fe;5Ga.
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NdgFe;3Ga

Figure 2-18 Cross section of interface between Nd>Fe;4B and NdsFei3Ga phases.

From the above, the Nd¢Fe;3Ga phase is considered to form during annealing by
consuming Fe from Nd,Fe;4sB grains and the R-rich phase. Decomposition of
Nd,Fe;4B grains lowers residual flux density, while the formation of both NdgFe;sGa
phase and lower-Fe R-rich phase improves coercivity. Thus, formation of the
NdeFe;3Ga phase occurs around the grain boundaries where Ga exists, and it

accelerates the surface decomposition of Nd,Fe;4B grains.

As described above, a thick grain boundary phase of Nd¢Fei;sGa forms by

annealing. In the conventional sintered magnets, the grain boundary phase is
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formed by a passive mechanism in which the R-rich phase, which is a liquid phase
at the annealing temperature, penetrates into grain boundaries from the triple
junction by capillary action. However, in the developed magnets, it was found that
the Nd¢Fe;sGa grain boundary phase is formed by a completely different
mechanism in which the NdeFe;3Ga phase is formed by decomposing the surface
of Nd,Fe4B grain. Therefore, a thick grain boundary phase was easily formed in
the developed magnet. Furthermore, the magnetization of the R-rich phase is
expected to decrease due to the consumption of Fe in the surrounding R-rich phase

by the formation of the Nd¢Fe;3Ga phase.

2.3.5 Magnetism of grain boundary phases

For a high coercivity HREE-free Nd-Fe-B magnet, a non-ferromagnetic or low
magnetic grain boundary is considered to be desirable. From this viewpoint, the
magnetization of grain boundary phase was estimated at a triple junction because
the grain boundary is so thin that it is difficult to estimate the magnetization of this
region. Before conducting this experiment, the Ndg¢Fe;3Ga phase at the grain
boundary was observed by TEM to find that the phase is crystalline and
continuously connected to the dark area at the triple junction while keeping its
lattice structure. Therefore, it is considered that the magnetism of the gray phase

of the triple junction coincides with that of the thin grain boundary.

First, an electron holographic method was applied [108], [109]. The Nd¢Fe;3Ga
phase was cut away and thinned for TEM observations by using a focused ion beam
(FIB) as shown in Figure 2-19. It can be seen that NdgFe;sGa phases were
successfully extracted from the three points and Nd,Fe;4B phases were successfully

extracted from the grain.
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Figure 2-19 Sample preparation for electron holography; (a) SEM image of developed specimen,
(b) Sampling location (blue and red squares) and grain boundary location (yellow line) and (c)

Samples cut out by FIB (Left: NdsFei3Ga, Right: Nd>Fe14B)

A magnetic field was applied to this specimen, and its magnetization was
estimated from the width of the interference fringes and the sample thickness with

using the equation shown below.

Where B is magnetic flux density, h is Planck's constant and e is the elementary
charge, Ag is the phase change of electrons, S is the cross-sectional area. A

holographic image was observed by using TEM.

A Holographic image of Nd,Fe4B (right side of Figure 2-19) is shown in Figure
2-20 (a). A holographic pattern due to spontaneous magnetization of Nd,Fe 4B are
observed. The magnetization calculated from the holographic pattern was 0.96 T.
From the actual magnetization 1.6 T of Nd,Fe 4B, the demagnetizing factor in this
sample shape was determined to be 0.60. Figure 2-20 (b) shows the holographic
pattern of NdgFei;sGa. Since a small part of the Nd,Fe;4B phase remains in the

prepared specimen, non-uniform interference fringes are observed. It is considered
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that the magnetization inside NdgFe;3Ga is weak and weakly magnetized by the
external magnetic field from the neighboring Nd,Fe;4B rather than the spontaneous
magnetization. From the demagnetization factor determined by Nd,Fe;4B, it was
estimated that the magnetization of the Nd¢Fe;3Ga sample was about 0.05 T,
calculated from the difference of the interference fringes inside and outside the
specimen. Although the NdgFe;sGa phase contains as much as 65 at% of Fe, it
showed quite low magnetization compared to 1.6T of Nd,Fe;4B. The results were
summarized by the authors [18], and Niitsu et al.'s later study also confirmed that

the NdeFei3Ga phase is almost paramagnetic [178]-[180].

(a) Nd,Fe 4B (b) Nd¢Fe 5Ga
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Figure 2-20 Electron holographic measurement of

(a) NdxFe14B phase and (b) NdsfFei3Ga phase at triple junction.

To investigate magnetization more easily, a STEM-Lorentz method was applied
[181]. Magnetization was calculated from the Lorentz polarization angle and the
sample thickness. A schematic diagram of the STEM-Lorentz method is shown in

Figure 2-21.
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Figure 2-21 A schematic diagram of the STEM-Lorentz method.

A sample containing a target grain boundary was cut out by FIB, and a sample
having a thickness of about 100 -150 microns was prepared. The sample thickness
was accurately measured using electron energy loss spectroscopy (EELS). When a
sample with magnetization is exposed to an electron beam using a Lorentz-TEM,
the angle of the electron beam changes due to the Lorentz force. From this angle,
the amount of magnetization can be estimated. In this case, the magnetization

amount is expressed by the following equation.

= Btl
b =ebty

Here, B is a deflection angle, B is a magnetic flux t is a sample thickness, A is a

wavelength, h is a Planck constant, and e is an element charge.
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The direct spot of the diffracted image was mapped in synchronization with the
scanning of the STEM image with the magnetic field of the objective lens weakened.
At this time, the position of the direct spot at each point of the scanning region
was changed by receiving Lorentz deflection. This change was quantitatively
analyzed as a Lorentz deflection vector, and a magnetic flux vector diagram in the
material was visualized. Figure 2-22 shows STEM-Lorentz observations of Nd,Fe;4B
particles. As a result, the magnetization of the Nd,Fe;4B particle is estimated to be
1.5-1.6 T, which is not much different from the actual value. From this result, it is

concluded that magnetization estimation by STEM-Lorentz method is possible.
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Figure 2-22 STEM-Lorentz measurement of Nd>Fe14B grain.

The line profile of magnetization across the Nd¢Fe;3Ga phase is shown in Figure
2-23. By using this method, the magnetization of the Nd¢Fe;3Ga phase at the triple
junction was estimated to be 0.04-0.06T, which showed good agreement with the

holographic result.
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Figure 2-23 STEM-Lorentz measurement of ReT13M phase; (a) STEM image,

(b) Magnetization map and (c) Line profile of magnetization extracted from map (b).

Another grain boundary phase which is important for the coercivity of HREE-free
Nd-Fe-B magnets is the R-rich phase. Hono et al. reported that the composition of
R-rich phase was determined to NdsoFegsBsCu; by 3DAP measurement and the
magnetic properties of the same compositional thin film was measured and found
to be amorphous and ferromagnetic with the range of yoM=0.4 T [18], [76], [79].
While the R-rich phase in the developed specimen contains 70 to 100 at% R (Nd
and Pr) as shown in Figure 2-10 (a), the magnetization of the phase is considered

to be much lower.

Therefore, the magnetization of the R-rich phase was estimated. Nd-Fe ingots
with different composition ratios were prepared, and rapidly cooled meltspun was
prepared at a peripheral speed of 40 m/s. The saturation magnetizations were

measured, and the phases were identified by XRD. These are shown in Figure 2-24.
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Figure 2-24 Saturation magnetization and identified phases of Nd-Fe meltspun.

Since the quenching condition is different from the actual grain boundary cooling
condition and the actual sintered magnet contains various additives (Co, Cu, Al, Zr
and Ga), this result does not accurately reflect the actual grain boundary
composition, but it is considered to help to understand the magnetization of the R-
rich phase. From XRD measurements, it was found that a-Nd (+ amorphous
phase) was formed in the region of Fe concentration 50% or less, a-Nd + NdFe;
phase [18] was formed in 50-80%, and a-Nd + Nd,Fe;; phase + a-Fe was formed
in 80-90%. The magnetization gradually increased with increasing Fe
concentration, and the change of magnetization did not change greatly even if the
phase changed. Since the Fe concentration of the R-rich phase of the developed
magnet was 0-30 at%, the magnetization of the R-rich phase was expected to be
0.25 T or less. Since the magnetization is smaller than 0.4 T which is the
magnetization of the R-rich phase of the conventional magnet, it is considered that
not only the Nd¢Fe;3Ga phase but also the R-rich phase contributes more strongly

to the magnetic isolation of the particles.
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From these results, both the R-rich and Ndg¢Fe;3Ga phases in the developed
specimen are considered to have much lower magnetization compared to 1.6 T of
the Nd,Fe14B phase. These phases can exist at a grain boundary and decouple the

exchange interaction between Nd,Fe14B grains effectively.

2.3.6 Increase of grain boundary phase

The introduction of the Nd¢Fei;3Ga phase suggests the possibility of forming a
thick grain boundary phase with low magnetization. On the other hand, another
simple method for forming a thick grain boundary, which helps to separate the
magnetic coupling between each grain, is merely increasing the total content of

the grain boundary phase.

Specimens with different TRE concentrations of 14.5 to 17.3 at% were prepared.
The magnetic properties of these specimens are shown in Figure 2-25. Higher
coercivity was obtained with higher TRE concentration. The specimen with 17.3
at% R(Nd, Pr) showed magnetic properties of Br=1181mT and HcJ=1998kA/m.
Coercivity of higher than 1990 kA/m without using heavy rare earth elements is
remarkably high, considering the fact that a general Nd-Fe-B magnet requires from
6 to 8 wt% Dy to meet a similar requirement. This value of coercivity is 35% of
the anisotropy magnetization (H./H,), which is much larger than that of a typical

Nd-Fe-B magnet (as described in Appendix section), 15%.
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Figure 2-25 Magnetic properties of developed Dy-free Nd-Fe-B magnets

with increased amount of grain boundary phase.

A cross-sectional image of the specimen is shown in Figure 2-26. Most grains
are clearly separated by thick grain boundary phases. As the amount of TRE
increases, the grain boundaries become thicker. However of course, the increase
in the amount of grain boundary phase decreases the main phase ratio, resulting

in a decrease in the residual flux density.

-76 -



Figure 2-26 Cross section of specimen;

(a) 14.5 at% TRE, (b) 16.0 at% TRE and (c) 17.3 at% TRE.

The increase in the grain boundary phase does not necessarily mean a thicker
grain boundary. The excess R-rich phase tends to accumulate at triple junctions,
where it does not contribute to thicker grain boundary phases, although the
existence of the NdgFe;3Ga grain boundary could help to impede the accumulation
at triple junctions. For decoupling of the exchange interaction between Nd,Fe 4B
grains, both grain boundary thickness and grain boundary continuity are

considered to be important.

Therefore, the coverage ratio of Nd.Fe;4sB grains by grain boundary phases
containing both R-rich and NdeFe;3Ga phases was investigated by image analysis.
The sample composition examined here is (14.0-17.3) at% TRE-Co-B-M-bal. Fe
(M=Cu, Al, Ga, Zr). The results are shown in Figure 2-27. A good correlation
between the coverage ratio and coercivity is observed. Moreover, as coercivity is
still not saturated at a coverage ratio of 89%, further improvement may be

expected.
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Figure 2-27 Relationship between coverage ratio, ratio of grains covered by grain boundary phase

and coercivity.

2.3.7 Increase of Ga content

The effects of Ga addition on the formation of the NdgFe;3Ga phase and the
reduction of Fe content in the R-rich phase have already been described. Then,
how the quantity of the phase changed was examined. Several specimens with
different coercivities prepared in the past were subjected to image analysis to
investigate the amount of phases and the coverage. The results are shown in

Figure 2-28.
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Figure 2-28 Image analysis of magnets with different coercivity (Ga concentration of 0.2, 0.4, 0.5,

and 0.6 at%),; (a) amount of phase and (b) coverage ratio.

In Figure 2-28, the relationship between the Ga addition amount and the coercivity
agrees, and the Ga addition amount is 0.2, 0.4, 0.5, and 0.6 at%. However the
other compositions did not necessarily change in a systematic manner. Therefore,
although it is difficult to make an accurate comparison, it is possible to obtain a
guideline for the structure of a magnet with a large coercivity. Considering the
amount of phase, it is necessary to increase the amount of grain boundary phase

to achieve high coercivity.

As the amount of Ga is increasing, it is natural that the NdgFe;3Ga phase is
increasing, but the R-rich phase is also increasing accordingly. Furthermore, not
only the coverage by the Nd¢Fe;3Ga phase increases, but also the coverage by the
R-rich phase increases. Even though the R-rich phase is only slightly larger than
the NdgFei3Ga phase in terms of the amount of phase, the coverage ratio is much
larger than that of the Ndg¢Fe; 3Ga phase. This suggests that the formation of the
Nde¢Fei;sGa phase facilitates the penetration of the R-rich phase into grain
boundaries from triple junctions. A cross section of the grain boundary phase

where both grain boundary phases coexist is shown in Figure 2-29. As mentioned,
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Nde¢FeisGa phase formed at grain boundary with decomposing the surface of
Nd,Fe;4B grains. This is expected to create gaps between the particles and facilitate
the penetration of the liquefied R-rich phase at the annealing temperature. In other
words, the formation of the Nd¢Fe;3Ga phase has the effect of promoting the grain

covering by the R-rich phase.

Nd,Fe,,B

NdsFe ;Ga

Figure 2-29 Coexistence of R-rich and NdsFe13Ga phases.

2.4 Conclusion

In order to reduce the use of scarce heavy rare earth elements, such as Dy and
Tb, the realization of sintered magnets with high coercivity without using heavy
rare earth elements were examined. Coercivity of 1998 kA/m was achieved in a
Nd-Fe-B sintered magnet without using Dy and Tb which is much higher than our

target coercivity of 1592 kA/m. In order to decouple the exchange interaction
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between Nd,Fe;4B grains, a thick and continuous grain boundary phase with low
magnetization is important. A NdeFe;3Ga phase was introduced by adding Ga and
the existence was also confirmed as thin grain boundary phase. The Ndg¢Fe;3Ga a
phase is considered to form in a limited temperature range by consuming Fe from
Nd,Fe14B grains and the R-rich phase. The magnetization of the Nd¢Fe;3Ga phase
was estimated to be 0.05 T, which is much smaller than that of the Nd>Fe4B main
phase. The coverage ratio of Nd,Fe 4B grains by grain boundary phases affects the
coercivity of the HREE-free Nd-Fe-B sintered magnet. The introduction of the
NdeFe;3Ga phase is considered to contribute to the reduction of the magnetization
of the R-rich phase. Thus, both grain boundary phases play important roles in
achieving high coercivity in HREE-free Nd-Fe-B magnets.

Assuming the 2400 kA/m EV/HEV magnet with 10 wt% Dy described in Section
1.6, an equivalent result of 7.5 wt% reduction in Dy, or 75% reduction in HREEs,
is achieved because the Dy-free composition achieved a coercivity of 1998 kA/m,
which is equivalent to the addition of 7.5 wt% Dy. Since the same effect can be
obtained even if Dy is Tb, it was concluded that 75% reduction of Dy and Tb was
successfully achieved by this method considering from the criteria mentioned in
Section 1.6. Nd-Fe-B magnets incorporating the Nd¢Fe;3Ga phase have been mass-

produced in TDK Corporation and widely used for automobile applications.

* Some of the results in this chapter were summarized in a paper [108].
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Chapter 3 Microstructural design of Ce-added grain

boundary phase for Nd and Pr reduction

3.1 Introduction

Various rare earth elements can take an R;Fe 4B structure as listed in Table 1-1
however only Nd, Pr, Dy and Tb have been widely used for mass-production
magnets because of their high magnetization and coercivity. In Chapter 2, the
reduction of heavy rare earth elements were discussed, but it is not only heavy
rare earth elements that have resource problems. If we can use other “surplus”
rare earth elements in Nd-Fe-B magnets, we can significantly reduce the rare-

earth resource problem.

In addition, the imbalance between supply and demand of Nd resources has
become a problem with the increase in production of electrified vehicles. Nikkei
Asian Revies reported that Toyota Motor Corporation announced that “The supply
of rare earths tends to shift as environmental regulations in that country change,
creating uncertainty at a time when demand for those elements is set to rise with
the popularity of electric vehicles. Even Toyota's most optimistic projections point
to a neodymium shortage in 2025 If this is true, reducing neodymium use is
urgent for global development. It is necessary to reduce not only heavy rare earth

elements but also neodymium, which is the root of Nd-Fe-B magnets.

For this purpose, the substitution of Nd with other more abundant rare earth

elements have investigated to maintain high magnetic properties. Considerable

2 https://newsroom.toyota.eu/download/514805/development-of-nd-
reduced.pdf
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time and number of experiments are required to investigate many composite
compositions. In order to shorten this period as much as possible, the thin film
combinatorial chemistry method was adopted as a technique of the High-
throughput experiment. The candidate compositions were narrowed down by this
method and developed into bulk experiments (sintered magnet). In the case of
sintered magnets, not only the composition but also the microstructure has a great
influence on the magnetic properties especially on coercivity, so the microstructure

control was also investigated. This will be described in detail below.

3.1.1 Combinatorial chemistry

Although there have been many studies on substitution, the complex substitution
of Nd by abundant rare earth elements has not been studied much. An increase in
the number of experiments due to an increase in the number of substituted
elements makes it difficult to investigate complex additions. In fact, this is probably
the reason why the substitution of Nd by more abundant rare earth elements has
been studied mainly by melt spun and less by sintered magnets as described in
Section 1.5. For further research, the simultaneous substitution by multiple rare
earth elements can be studied but it requires huge amount of experiments because
of the combination of elements. In order to carry out the simultaneous
substitution experiment more efficiently, the combinatorial chemistry method
[182] was introduced. For the high-throughput experiment, the composition

search was carried out by the thin film magnet instead of the bulk.

Combinatorial chemistry has developed since 1990s at first in a pharmaceutical
field [183], [184] and it was applied for materials science field [185]-[189]. The
sputtering and measurement system of composition gradient thin films and their

magnetic properties of multiple-substituted R,Fe;4B thin film magnets were studied
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in order to find candidate combination of substitution elements for bulk sintered

magnet.

3.1.2 Bulk magnet

By applying the compositional studies from combinatorial chemistry, sintered
magnet with 50 % Nd substitution was studied with the goal of achieving both
good magnetic properties at a reasonable cost. Since the characteristics of sintered
magnets are strongly dependent on not only composition but also microstructure,
especially grain boundary control was studied. Since the magnetism of the grain
boundary phase strongly affects the coercivity, the analysis of the phases was
carried out as in Section 2.3.5. In particular, attention was paid to the magnetism

of the grain boundary phases of both RgFe;3Ga and RFe;.

In this chapter, expressions such as R,Fe;4B or Re¢FeisGa are used, where R
represents a plurality of rare earth elements. In particular, it is used when elements
other than Nd, Pr, Dy, and Tb, which are four elements usually used in Nd-Fe-B

magnets, are contained.

3.2 Experimental procedure

3.2.1 Thin film preparation

The pseudo ternary composition gradient thin films were prepared by a
combinatorial sputtering system (CMS-6400, Comet Inc.). The machine is a depo-
up type sputtering machine which equips six sputter guns with shutters for layer-

by-layer deposition. A 2-inch substrate is covered by fixed and moving masks.
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Schematics of film preparation is shown in Figure 3-1. For the deposition of a
composition gradient thin film, the mask moved over the substrate linearly during
deposition in the unit layer. Then the deposited thickness changed linearly. After
the deposition, the substrate rotated 120° followed by a next deposition by another
sputtering gun. With repeating these procedures, an equilateral triangle thin film

which has composition gradient was prepared.

(a) (b) A

Fixed mask

B

Figure 3-1 Schematics of thin film preparation;

(a) equipment configuration and (b) composition gradient thin film.

In order to measure B-H characteristics, multiple single composition thin films
were also prepared at one time. By repeating movements and stops of the mask
with covering sputter guns by shutters during mask movement, the thickness of
the deposited layer changed stepwise. This process was repeated three times
followed by the substrate rotation of 90°. With repeating these procedures, nine
different single composition thin films, which was a matrix of 3 x 3 compositions,

were deposited. The picture of fixed matrix mask is shown in Figure 3-2.
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Figure 3-2 Fixed matrix mask for 3 x 3 compositions thin films.

Thermally oxidized silicon substrates were prepared. They were coated with Ta
or Mo as a bottom layer and heated during sputtering. After the deposition of

magnet thin film, cover layer was deposited with Ta or Mo.

3.2.2 Magnetic properties measurement of thin film

The surface leakage magnetic flux was measured with using a nano Magnetic
Domain Scope (nano-MDS, TDK Corporation) [190], which was developed in house
for this experiments, for all over the thin film. The apparatus equips a tunnel
magneto resistance (TMR) sensor and piezoelectric driven x-y stage. Coercivity
was measured by using a magneto-optical effect measurement system (BH-
810CPC, Neoark Corporation) [191]. M-H characteristics were measured with
using a vibrating sample magnetometer (VSM, Tamakawa, TM-VSM331483) and
measurement of perpendicular to the substrate direction were performed. For VSM

measurements, film thickness values were estimated from the film deposition rate
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which was previously measured with a stylus type profilometer (Dektak 3030ST,

Veeco).

3.2.3 Bulk magnet preparation

All the raw alloys were produced using a strip-casting method based on
preparation compositions of (14.3-17.6) at% TRE (total rare earth)-Co-B-M-Bal.
Fe (M=Cu, Al, Ga, Zr). The rare-earth elements contained in the alloys were 50 %

Nd, with the other 50 % being made up of Y and Ce.

The raw alloys were coarsely pulverized by a hydrogen grinding method followed
by fine pulverization by jet milling to obtain fine powders with an average diameter
of 2.0-4.0 um. The powders were placed in a magnetic field of 1600 kA/m to
produce compacts. The compacts were then sintered in a vacuum for 4 h at a
temperature ranging from 1213-353 K, and were then annealed for 1 h at 1173
K followed by a second annealing for 1 h at 913-1013 K to obtain the highest
coercivity. The pulverizing, pressing, and sintering processes were performed in a

low-oxygen atmosphere of less than 50 ppm.

3.2.4 Bulk magnet measurement

The magnetic properties of the specimens were measured using a BH tracer
(Tamakawa Co., Ltd.) or a vibrating sample magnetometer (VSM, Tamakawa, TM-
VSM331483). Analyses of the microstructure and crystal structure were performed
by focused ion beam-scanning electron microscopy (FIB-SEM), electron probe
microanalyses (EPMA), scanning transmission electron microscope-energy

dispersive spectroscopy (STEM-EDS), and X-ray diffraction (XRD).

The area ratio of each phase was calculated as follows. The elemental mapping
in a cross-section of a sintered magnet was obtained by STEM-EDS. Each phase of
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the sectional view was identified from the element composition ratio of each phase
and the XRD results that were confirmed beforehand. Then, the area ratio of each
phase relative to the overall area of a cross-section was obtained by image

analyses.

To evaluate the microstructure, the coverage ratio of the grains by the grain-
boundary phase was calculated [108]. The grains and grain boundaries were
recognized automatically in the SEM images by using in-house image-analysis
software. Since it was not possible to recognize those grain-boundary phases with
a thickness of less than 20 nm, thin grain-boundary phases were manually
complemented in the image. Then, the ratio of the length of the automatically
detected grain boundaries to that of the manually complemented boundaries was

defined as the coverage ratio of the grains by the grain-boundary phases.

To examine the stability of the ferromagnetic (FM)/antiferromagnetic (AFM)
states in the grain-boundary phases, first-principles calculations were performed
by employing the projector-argument wave (PAW) method and a plane wave basis
set within the spin-polarized density function theory implemented in the VASP
(Vienna Ab initio Simulation Package) [192]-[194] software package. The
generalized gradient approximation (GGA-PBE) was employed. The cutoff energy
was set to 400 eV. A Monkhorst-Pack k-point 6 x 6 x 6 mesh was adopted for
Brillouin zone sampling. In the PAW potential, (552, 5p®, 6s°, 4f*) was treated as
the valence electrons for Nd, (5s%, 5p°, 6s%, 4f, 5d, 6s°) for Ce, (4s?, 4p°, 4d, 55°)
forY, (3p®, 3d®, 4s?) for Fe, and (3d*°, 4s?, 4p) for Ga. The strong on-site Coulomb
interaction of the f-orbital was corrected by applying a simple +U method with a

U value of 6.0.
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3.3 Results and discussions
Section 3.3.1 to 3.3.4 show the establishment and results of the candidate
composition search using thin film R,Fe;4B magnets. Sections 3.3.5 to 3.3.7 show

the results of manufacturing bulk magnets using the obtained candidate materials.

3.3.1 Surface leakage magnetic flux

A Nd-Fe-B ternary composition gradient thin film was investigated in order to
confirm the concept of combinatorial chemistry. By using Fe, Nd and B targets, a
ternary composition gradient thin film with a thickness of 100 nm was deposited
on a Ta underlayer. The thin film was an equilateral triangle with 3.22 mm sides.
The composition range was 0-33 at% Nd, 49-100 at% Fe and 0-51 at% B. The
substrate temperature was 480°C and post-annealing was not applied. It should
be noted that the concentration range is different from the ternary isothermal

section at 298 K obtained from the Nd-Fe-B phase diagram in Figure 3-3.
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Figure 3-3 Ternary isothermal section of Nd-Fe-B at 298 K.

After magnetization with a pulsed magnetic field of 6382 kA/m, the surface
leakage magnetic flux was measured. The higher the measurement resolution, the
more detailed the mapping can be obtained, however it is not preferable for the
purpose of high-throughput measurement because the measurement time is too
long. Figure 3-4 shows the measurement results of the leakage magnetic flux

mapping with different line and pitch spaces together with the measurement time.
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Figure 3-4 Measurement results of the leakage magnetic flux mapping with different line and pitch

spaces together with the measurement time.

Although the Nano-MDS equipment had sufficient resolution to measure the
magnetization of individual particles, it did not require such resolution to measure
the leakage flux at each location in the compositionally graded film. Taking into
account the area to be measured, measurement was done with a pitch of 28 um
and a line space of 28 pym with using x-y stage movement, which resulted in the
number of measurement points exceeded 5,600. The mapping of surface leakage

magnetic flux is shown in Figure 3-5.
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—=75.00 mT
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Figure 3-5 Surface leakage magnetic flux mapping of Nd-Fe-B ternary composition gradient thin

film. a: NC/10F€87B3, b: NC/12FeszBs, C. Nd15Fe77Bg, and d: Nd13Fe7zB1,

By applying a magnetizing field, only hard magnetic thin film area generates
remanent magnetization. A high contrast area is observed at around a vertex of
Nd 100 % in the mapping, meaning the high surface leakage magnetic flux is

generated.

The cross sectional image and elemental mapping of Ndi4eFess0B74 thin film
observed by STEM-EDS are shown in Figure 3-6. The magnetic flux hardly leaks
from the thin film if the film is perfectly uniform because of the demagnetizing field.
However, the film is consisting of multi phases with grain structure, thus the
magnetic flux can be leaked. From the mapping shown in Figure 3-5, higher

contrast is observed around Nd-richer area.
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Figure 3-6 (a) The cross sectional TEM image, (b) and (c): the elemental mappings observed by

EDS for Fe and Nd, respectively.

The single composition thin films with compositions of Nd;Fes;Bs (Nd-poor),
Nd;,Feg,Bs (Stoichiometric), NdisFe;;Bs (Nd-rich), and NdigFe;,Bio (Nd-richer),
which is indicated in Figure 3-5 were prepared for measuring M-H characteristics
in the direction perpendicular to the film at room temperature. Figure 3-7 shows
the results of VSM measurement of the above four compositions, which were

prepared by changing the substrate temperature and the annealing temperature.
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Figure 3-7 VSM measurement results of four compositional thin films prepared by changing the

Substrate temperature and the annealing temperature.

It can be seen that the sample with a large amount of Nd shows more hard
magnetism, although it depends on the heat treatment conditions. The XRD
measurement results of these films before annealing are shown in Figure 3-8.
Specimens with Nd-poor composition showed no Nd,Fe 4B structure with (00l)

orientation.
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Figure 3-8 XRD results of four compositional thin films

with preparing different substrate temperatures.

The VSM measurement results of perpendicular to the

in Figure 3-9. The highest coercivity was achieved in

main phase of this film was identified to Nd,Fe;4B by XRD measurement as shown
in Figure 3-8. Generally the Nd-Fe-B bulk magnet is produced with a Nd-richer
composition compared to the stoichiometric composition, because the excess Nd
forms grain boundary phase which magnetically separates each grains. This is
important for achieving high coercivity as described in Section 1.5. The grain
boundary could affect the coercivity of the ternary composition gradient thin film.
From these results, it is concluded that the gradient composition thin film contains

the information on composition-dependent magnetization. By measuring the
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Figure 3-9 Magnetization curves of Nd-Fe-B single composition thin films.

3.3.2 Estimation of coercivity

For the high throughput screening of magnet composition, estimating coercivity
is important. The VSM measurement of single composition thin film referring the
result of the first screening on surface leakage magnetic flux is reliable, however it
is time-consuming. Therefore, a method for simply estimating the coercivity of a

portion of the composition gradient thin film was investigated.

Coercivity can be estimated by the demagnetization of fully magnetized thin film.
The thin film is first fully magnetized unidirectionally perpendicular to the substrate
direction, along to c-axis. When a reverse magnetic field equal to the coercivity is
applied, half the entire magnetization reversals occurs, resulting in the highest

contrast of surface leakage magnetic flux mapping.
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As an example, the mapping change by demagnetization of Nd;gFe;,B1o thin film
with a coercivity of 1093 kA/m (=13.7kOe) measured by VSM is shown in Figure
3-10. First, a magnetic thin film was fully magnetized by applying a vertical
magnetic field of 6370 kA/m (=80 kOe), and its surface leakage magnetic flux
mapping was measured. Then, a reverse magnetic field of 159 kA/m (=2 kOe)
was applied in the direction opposite to the initial magnetization, and the magnetic
flux mapping was measured again. These processes were repeated while
increasing the applied magnetic field, and finally a reverse magnetic field of -6370
kA/m (=-80 kOe) was applied. The positions where the leakage magnetic flux

mapping is measured are not exactly the same.

The highest contrast was observed in the thin film demagnetized with a
demagnetization field of 1114 kA/m (=14 kOe). The coercivity and
demagnetization field to obtain the highest contrast was almost identical. This is
because by demagnetizing with a field correspond to coercivity, half of the grains
magnetically reverse then the difference between positive and negative surface

leakage magnetic flux reaches the maximum.
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Figure 3-10 Mapping of surface leakage magnetic flux of NdisFez>Bo thin films with sequential
reversed magnetic field applied from full magnetization of 80 kOe (=6,368 kA/m)

from left upper side to right lower side.

The continuous demagnetization and simultaneous surface leakage magnetic
flux measurement are preferable to shorten screening time, however TMR sensors
cannot be used in a high magnetic field. Thus the step-by-step demagnetization
and surface leakage magnetic flux measurement is required for estimating

coercivity.

3.3.3 Direct measurement of coercivity

In order to know the coercivity more directly, Kerr effect measurement was
applied with using a magneto-optical effect measurement system. Reflected light
from a magnetized surface can change in both polarization and reflected intensity.
The laser with a diameter of 0.1 mm at the sample surface was applied to the thin

film then Kerr rotation angle of reflected wave was measured continuously by
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sweeping the magnetic field of £1989 kA/m. The magnetic field is enough for the

saturation and the local coercivity was measured from the Kerr rotation angle loop.

The results of VSM and Kerr rotation angle measurement of Nd;gFe;,B1, thin film

annealed at 300 °C are shown in Figure 3-11.
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Figure 3-11 Magnetization and Kerr rotation angle curves of

Nd-Fe-B single composition thin films.

The coercivities measured by two methods showed almost identical value. A small
difference can be resulted from that the VSM measures the magnetization of whole
thin film however Kerr rotation occurs at near the surface of thin film. At the bottom
of Nd-Fe-B layer, a small amount of diffusion from the underlayer was observed;
it affects the coercivity. The coercivity measured by Kerr rotation angle is less
affected by this diffusion because Kerr rotation occurs at the surface of the thin

film.
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3.3.4 Substitution for Nd in R-Fe-B thin film

The high throughput screening method described above was applied to verify
the substitution effect of Nd,Fe;4B thin film. As alternatives, yttrium (Y), lanthanum
(La) and cerium (Ce) were selected from rare earth elements for their cost and
availability. La and Ce are light rare earth elements. Y is not a lanthanoid, however
is classified as a heavy rare earth element though it is much lighter than the
lanthanoids and not a heavy element. As shown in Table 1-2, Y is a resource-rich

and inexpensive element.

A RigsFess8B77 composition gradient thin film with a thickness of 100 nm was
prepared with using Nd, Y, La and Ce sputter guns as R element and Feg;gB12.2
sputter gun. Thin films were sputtered at substrate temperatures of 821 K, 873 K,
and 923 K. The composition range of rare earth elements were all 0-100 at% in

the composition of R elements.

The mapping of surface leakage magnetic flux for (Ce-Nd-La)igsFe;38B7.;
composition gradient thin film prepared at various substrate temperatures are
shown in Figure 3-12. The concentrations of all rare earths vary from 0 to 100 at%.
Although the color bar indicates a leakage magnetic flux of -100 mT to + 100 mT,
it is difficult to discuss the precise absolute value because the magnitude of the
leakage magnetic flux varies depending on the surface condition of the sample and
the measurement distance. Therefore, the magnitude of the magnetization was
determined on the basis of the relative comparison in one composition gradient

thin film.

High contrast is observed widely around at the vertex of Nd-Fe-B composition.
It was not possible to find the composition which shows the peculiar high leakage
magnetic flux. At the amount of substitution for Nd exceeds 60 at%, high

magnetization cannot be expected.
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Figure 3-12 Mapping of surface leakage magnetic flux for (Ce-Nd-La)-Fe-B composition gradient
thin film sputtered at the substrate temperatures of;

(a) 821 K, (b) 873 K and (c) 923 K.

The mapping of surface leakage magnetic flux for (Nd-La-Y)issFes3gB7-
composition gradient thin film prepared at various substrate temperatures are
shown in Figure 3-13. The concentrations of all rare earths vary from 0 to 100 at%.
The color bar indicates a leakage magnetic flux of -50 mT to + 50 mT, so the
leakage magnetic flux of (Nd-La-Y)issFes3.8B77 could be comparatively lower than
(Ce-Nd-La)gsFes38B-7. The highest contrast was unexpectedly achieved at the
lowest substrate temperature of 821 K, considering from the melting points of Nd,
Ce, La and Y of 1289, 1068, 1193 and 1799, respectively, The reason was not
clear. As same as (Ce-Nd-La)igsFes3gB77, the high contrast is observed widely

around at the vertex of Nd-Fe-B composition.
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(a) 821K La ] (b) 873K La

Figure 3-13 Mapping of surface leakage magnetic flux for (Nd-La-Y)-Fe-B composition gradient thin

film sputtered at the substrate temperatures of; (a) 821 K, (b) 873 K and (c) 923 K.

The mapping of surface leakage magnetic flux for (Nd-La-Y)issFes3sB7.;
composition gradient thin film prepared at various substrate temperatures are
shown in Figure 3-14. As same as other RigsFe;;gB,; composition gradient thin

film, high contrast is observed widely around at the vertex of Nd-Fe-B composition.

(b) 923K Ce

Figure 3-14 Mapping of surface leakage magnetic flux for (Nd-Ce-Y)-Fe-B composition gradient

thin film sputtered at the substrate temperatures of; (a) 873 K and (b) 923 K.

The mapping of surface leakage magnetic flux for (Ce-La-Y)igsFes38B7.;

composition gradient thin film, which does not contain Nd, prepared at various
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substrate temperatures are shown in Figure 3-14. Unlike other RigsFes3gB7.,
leakage flux was hardly detected. Without Nd, the remanent magnetization could

not be obtained because of the very small coercivity, soft magnetic property.

(a) 821 K La (b) 873 K La

Ce | Y Ce Y

Figure 3-15 Mapping of surface leakage magnetic flux for (Nd-Ce-Y)-Fe-B composition gradient

thin film sputtered at the substrate temperatures of; (a) 821 K and (b) 873 K.

In order to clarify the effect of the complex substitution, single composition thin
films of (Ce-Nd-La)issFesssB77, (Nd-La-Y)issFess8B77 and (Nd-La-Y)issFess8B77
thin films were prepared. Thin films with different amounts of substitution were
simultaneously deposited with using matrix composition deposition method for
each ternary composition. The ratio of Nd was 50% in TRE for all samples, and the
remaining two elements were 25% each in molar ratio. The magnetic properties
of these specimens measured by VSM were shown in Figure 3-16. Although the
absolute values of the residual magnetic flux density and the coercivity at the Nd
content of 100% are different for each composition system, the relative evaluation
is possible because all samples of the same composition system are formed

simultaneously with using matrix composition deposition method.
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Figure 3-16 Residual flux density and coercivity as a function of substitution by;

(a) Ce-La, (b) La-Y and (c) Ce-Y.

The residual magnetic flux density decreased with increasing Nd substitution in all
composition systems, however the change of coercivity varied with composition
systems. Among these composition systems, the Ce-Y substitution system were

investigated in detail.

Three series of substitution, (Nd, Y), (Nd, Ce), and (Nd, Y-Ce) were deposited
each separately. The Nd-100 % in TRE thin film was deposited every time as a
standard sample for comparison. Because of the thickness difference between
estimated value and actual value resulted from instability of deposition rate, the

calculated magnetizations of Nd-100 % thin films were not always identical.

Thin films of (Nd, Y)issFesssB77 deposited at a substrate temperature of 923 K
were prepared and their residual flux density and coercivity were measured as

shown in Figure 3-17.
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Figure 3-17 Residual flux density and coercivity as a function of Y concentration

in rare earth elements (Y/Y+Nd) in molar ratio.

The residual magnetic flux density is comparatively lower than the bulk magnet,
and maximum residual flux density is achieved to be 9916 mT for non-substituted
Nd-Fe-B. The maximum residual flux density is lower than a typical value of
commercial bulk Nd-Fe-B magnets (around 1450 mT), because the film
composition is R-richer and the c-axis orientation is lower. All VSM measurements
were done in directions perpendicular and in-plane to the film. The perpendicular
curves indicated that the easy axis of magnetization is perpendicular to the film
plane. However, in-plane curves showed a small hysteresis, because the

orientations were not perfect.

From XRD measurement the major phase of these thin films was identified as
R,Fe4B with c-axis orientation. As Y content increased, the peak of (00I) shifted
to higher angle. This suggests Y macroscopically substituted for Nd in Nd,Fe;4B
crystal structure. The residual flux density gradually decreases as Y content

increases. The decrease is reasonably explained since the saturation
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magnetizations of Nd,Fe;4B and Y,Fe;4,B are 1.6 and 1.42 T, respectively. The
coercivity shows the maximum at a composition of 12 at% Y substituted thin film.
The anisotropy fields of Nd,Fei4sB and Y,Fe;sB are 5.33 and 1.59 MA/m,
respectively, however the coercivity did not decrease monotonically with the

addition of Y.

From the STEM-HAADF observations of (Nd, Y):ssFessgB77, the film showed

layered structure of Nd,Fe;4B and Y,Fe;4B as shown in Figure 3-18.

(b) ()

Figure 3-18 Detailed observation of (Nd, Y) >Fe14B thin film: (a) STEM-HAADF image,
(b) electron beam diffraction image and

(c) atomic arrangement model from [1 -2 0] direction in RxFe14B structure.

It can be seen from Figure 3-18 (a) that a layer structure of a white contrast layer
and a gray contrast layer is formed. From the result of the electron beam diffraction
as shown in Figure 3-18 (b), it can be seen that Figure 3-18 (a) shows the
observation result in the R Fe4B crystal structure from the [1 -2 0] direction. As
shown in Figure 3-18 (c), when viewed from the [1 -2 0] direction, the layers of
rare earth elements (R) are aligned. That is, atoms with white contrast show the
overlap of Nd, and atoms with gray contrast show the overlap of Y. From these

results, Figure 3-18 (a) shows that a layer structure of Nd,Fe;4B and Y,Fe4B is
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formed, and it is found that Nd and Y are not completely mixed. As shown in Figure
3-19, this thin film is deposited alternately by changing the thickness of Nd, Y and
FeB, so it is considered that the layer structure remains unmixed by heating. The
thickness of each deposit does not always exactly match the thickness of the layer
structure actually formed, however it is considered that the structure at the time
of film formation remains strong. It was predicted that this layer structure caused
strain between Nd,Fe;4B and Y,Fe;4B layers, and that strain induced anisotropy
was added to increase the coercivity [195]. Regarding the effect of strain-induced
anisotropy, Nd,Fe;sB was formed on a BaTiOs film, and the effect of the phase
transition of BaTiOs on Nd,Fe;4sB was investigated separately, but it was not

clarified clearly [196].
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Figure 3-19 Deposition condition of (Nd, Y)1s.sFez3.6B7.7 thin film.

Thin films with a composition of (Nd, Ce)ssFe;38B,.; were prepared and their
residual flux density and coercivity were measured as shown in Figure 3-20. The
decrease of residual flux density is more clearly shown compared to Y substitution,
which can be explained by low saturation magnetization of Ce,Fe4sB (1.17 T). The
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coercivity also decreases gradually as Ce content increases since the anisotropy

fields of CeyFe4B is 2.39 MA/m, which is lower than Nd,Fe4B [7], [9].
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Figure 3-20 Residual flux density and coercivity as a function of Ce concentration

in rare earth elements (Ce/Ce+Nd).

Thin films of (Nd, Y-Ce)1s.sFes3.8B7.7 were prepared and their residual flux density
and coercivity were measured as shown in Figure 3-21. The ratio of Y and Ce was
1:1 in molar ratio. The residual flux density decreased with the substitution while
the coercivity shows maximum at around 40 % substitution. While Pathak et al.
and other researchers reported a rapid increase in coercivity and a decrease in
remanent magnetic flux density in the case of the Ce 20% substitution [135], [189],
[197], [198]. In this experiment, although the Y-Ce 40% substitution (Ce 20%
substitution) showed an increase in coercivity, no decrease in remanent magnetic
flux density was observed; therefore, it is unlikely that phase separation had an
effect [199], [200]. Thus the reason of high coercivity is still unclear. The layered

structure described on (Nd, Y)issFe;3.8B7.; was not observed in Y-Ce substitution.
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The grain size decreased as Y-Ce content slightly increased; the change of grain
size is not considered to be a main factor of the change of coercivity. Thus, some

interaction between Y and Ce is expected and further investigation is required.
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Figure 3-21 Residual flux density and coercivity as a function of Y+Ce concentration

in rare earth elements (Y+Ce)/(Y+Ce+Nd).

Based on combinatorial chemistry of RigsFe;sgB7 thin films, candidates for the
composition to achieve both high magnetization and coercivity were investigated.
Single substitution of Y and simultaneous substitution of Y and Ce showed positive

results to achieve the purpose.

3.3.5 High (BH)ax in R-Fe-B sintered magnet
Based on the results up to the previous section, the substitution of rare earth
elements in sintered magnets was attempted. The residual flux density of a

R,Fe4B-type magnet is closely related to the saturation magnetization. Among the
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rare-earth elements, Nd exhibits the highest saturation magnetization of 1.60 T in
the crystal structure of RyFe 4B [201]. This means that the substitution of the Nd
in Nd,Fe;4B would decrease the residual flux density. From the viewpoint of
suppressing the decrease in the residual magnetic flux density, it is reasonable that
Y is a candidate of a substitution element. This is because Y,Fe4B has a relatively
high saturation magnetization of 1.42 T compared with other rare earth elements.
However, the anisotropy field of Y,Fe;4sB (1.59 MA/m) is lower than that of
Nd,Fei14sB (5.33 MA/m). In order to improve coercivity, it is reasonable that Ce,
which has a high anisotropy field of 2.39 MA/m as Ce,Fe 4B, was selected as an
element to be added simultaneously with Y as an alternative to Nd. Y and Ce,
which became candidate substituents by the thin film CC method as described in
Section 3.3.4, are appropriate from the viewpoint of their intrinsic properties. In
addition, it is expected that a coercivity increasing effect as shown in Figure 3-21

can be obtained, although the reason is unknown.

The simultaneous substitution of Y and Ce for Nd was performed to obtain a high
maximum energy density, (BH)max- A RoFe14B sintered magnet with a preparation
composition of 14.4 at% TRE (Nd:Y:Ce = 50:25:25)-0.6 at% Co-5.7 at% B-M
(M=Cu, Al, Zr) -Fe Bal. was prepared. The average particle size was 4.0 pm. The
pressed specimen was fired at 1333 K and then annealed at 1173 and 953 K. The
obtained demagnetization curve is shown in Figure 3-22. The maximum energy
density of 355 kJ/m3 (44.6 MGOe) was achieved with a residual flux density of
1.38 T and a coercivity of 533 kA/m.
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Figure 3-22 Demagnetization curve of 50 % Nd substituted RxfFe14B sintered magnet.

The temperature coefficients of residual flux density and coercivity were a = -
0.14 %/°C and B = -0.59 %/°C (23-120 °C), respectively, which are slightly
smaller than those of typical Nd-Fe-B magnets. The o-T curve of this magnet was
measured by VSM. A fully magnetized sample was prepared, and magnetization
from room temperature to 643 K. was measured while applying a magnetic field
of 80 kA/m. Two Curie temperatures of 533 K and 563 K were present and were
expected to be in a mixed phase state as shown in Figure 3-23. The Curie
temperatures of Nd,Fe;4B, Y,Fe;sB and Ce,Fe;sB are 586, 571 and 422 K,
respectively, and the Curie temperature of the magnet is estimated to be 541 K
from the simple mixing rule. There was no significant difference between the

estimated and measured values. From the Curie point, it is expected that the
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composition close to Ce,Fe4B does not exist as a single phase, but becomes a

mixed phase state of the composition close to Nd,Fe 4B and Y,Fe4B.

VSM-5LFC M-TS57 Ver402
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Figure 3-23 A o-T curve of the developed specimen.

A cross-section of this sintered magnet is shown in Figure 3-24. The black areas
are the RyFe14B grains. Both white and gray areas are observed in the image. With
using EPMA, the former was identified as R-Fe (so-called R-rich phase), while the

latter was the RFe, phase. They exist at grain boundary and triple junction.
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Figure 3-24 Cross-section of Nd 50 % substituted RoFe14B sintered magnet.

3.3.6 Introduction of RgFe;3Ga phase into grain boundary

Given that the minimum coercivity of commercially available Nd,Fe;4B magnets
is around 955-1114 kA/m, the coercivity of the Nd substituted magnet, 533 kA/m,
is too low for practical use. To improve the coercivity, converting the RFe, phase,
which is considered to reduce the coercivity [202], to Re¢FeisGa was attempted
which is described in Chapter 2. The addition of 0.6 at% Ga was attempted with a
preparation composition of 17.6 at% TRE (Nd:Ce:Y=50:25:25)-0.6 at% Ga-0.6
at% Co-4.7 at% B-M (M=Cu, Al, Zr) -Fe Bal., which contains more TRE to ensure
that the grain boundary phases are clearly formed. The average particle size was
set to 2.0 um to attain a higher coercivity. The sintering temperature was 1273 K.
Figure 3-25 shows cross sections of specimen in which Ga was added to Nd-Fe-B

and (Nd, Ce, Y)-Fe-B at 0.6 at% and the results of phases identification by EDS.
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Figure 3-25 Cross section and EDS mapping of Ga added specimens;

(a) Nd-Fe-B and (b) (Nd, Ce, Y)-Fe-B.

Unlike Nd-Fe-B, R¢Fe;3Ga was not formed in (Nd, Ce, Y)-Fe-B nevertheless the
addition of 0.6 at% Ga is sufficient for forming the RgFe;3Ga grain-boundary phase
in a Nd,Fe14B system [202], [203]. The RFe, phase was remarkably observed at
the grain boundaries in (Nd, Ce, Y)-Fe-B.

The rare earth element composition of the RFe, phase was measured using
STEM-EDS, which confirmed a value of 10.7 at% Nd-22.6 at% Ce-1.7 at% Y-Fe
Bal. Unlike the preparation composition, the concentration of Ce was more than
twice that of Nd, while the concentration of Y was very low. The phase diagrams
reveal that the YFe, and CeFe, phases exist stably, but the NdFe, phase does not
as shown in Figure 3-26. The melting points of YFe, and CeFe, are 1398 and 1198
K, respectively while that of YFe, is above the sintering temperature. First principles
calculations also suggest that Y tends to enter the R,Fe;4B phase [199], [200].

Thus, Ce is easily enriched in the RFe, phase over this temperature range [204].

The RFe; phase is known as the Laves phase (AB, structure). The Laves phase

is known to be stable at the atomic half-space ratio A: B = 1.225: 1 [205]. Among
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Ce and Nd having close atomic numbers, the reason why Ce easily forms the Laves
phase and Nd hardly forms is explained that the ionic radius becomes small

because Ce takes a mixed valence state of trivalent and tetravalent [204], [206].
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Figure 3-26 Phase diagrams of R-Fe; (a)Nd-Fe, (b)Y-Fe and (c)Ce-Fe.

To investigate the magnetization of RFe, phase, a STEM-Lorentz method was
applied [202]; the magnetization of the phase can be estimated directly from the
sintered magnet. The RFe, phase at the triple junction, which is shown as the gray
area in Figure 3-24, was cut out by using FIB as shown in Figure 3-27 (a), and the
magnetization intensity and directions of the small areas were calculated from the
Lorentz polarization angle and the specimen thickness. The vector mapping of the
magnetization is shown in Figure 3-27 (b). Based on the results, the magnetization
of the RFe, phase was estimated to be 0.3-0.5 T. This magnetization is more than
six times greater than that of the NdgFe;3Ga phase, that is, 0.05 T [202] and one
third or fourth that of the Nd,Fe;4B grain, which is thought to not be small enough

to ensure magnetic separation between the grains.
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Figure 3-27 (a) TEM image of RFe> grain-boundary phase and

(b) magnetization mapping in the image estimated using STEM-Lorentz method.

To form the Re¢Fe 3Ga phase at the grain boundary, further Ga was added. The
0.0-4.0 at% Ga addition was tried with the prepared composition of 17.0-17.5
at% TRE (Nd:Y:Ce=50:25:25)- 0.0 to 4.0 at% Ga-0.6 at% Co-4.6 to 4.7 at% B-

M (M=Cu, Al, Zr) -Fe Bal. The average particle size was 2.0 pm.

The STEM-EDS mapping and electron diffraction patterns of the grain boundary
phases in the specimen to which 2.0 at% Ga had been added are shown in Figure
3-28. Both the RFe, (Structure type: MgCu,) and Re¢FeisGa (Structure type:
LasCoq(Cop.5Gag s)4Ga) phases are observed at the grain boundaries. The RgFe;3Ga
phase in Y- and Ce-substituted specimen exhibited the same crystal structure as

that of the Ndg¢Fe;3Ga specimen.
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Figure 3-28 Grain-boundary phases in 2.0-at% Ga-added specimen;
(a) STEM-EDS mapping, (b) electron-diffraction pattern of RFe, phase and

(c) electron-diffraction pattern of R6Gal3Ga phase.

The coercivity is plotted as a function of the Ga content with the identified phase,
as shown in Figure 3-29. The basic composition is 17.4 at.%TRE-0.6 at.% Co-4.7
at.% B-M-Bal. Fe (M = Ga, Cu, Al). The coercivity decreases monotonically with
an increase in the Ga content. The R¢Fe;3Ga phase appears between the specimens
with a 1.0-3.0 at% Ga addition. Above 3.0 at%, it disappeared to form the R-Fe-
Ga phase. As a result, the formation of the R¢Fe;3Ga phase required more than 1
at% Ga to suppress the formation of the RFe, phase at the grain boundary.
However, the RgFe;3Ga formation did not improve the coercivity, contrary to

expectations.
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Figure 3-29 Relationship between Ga content and coercivity

with existing grain boundary phases.

The composition and magnetization of the RgFe;3Ga phase in the specimen to
which 2.0 at% Ga had been added were measured. The rare earth element
composition was 20.6 at% Nd-8.6 at% Ce-1.7 at% Y, which clearly showed the
enrichment of Nd in the RgFe;3Ga phase followed by Ce, but only a small amount
of Y was contained. The magnetization of the phase estimated by the STEM-
Lorentz method was 0.15 T, which was triple that of the NdgFe;3Ga phase (0.05
T), as shown in Figure 3-30. It is found that the substitution of Nd by Ce and Y
increases the magnetization. This high magnetization in the grain boundary phase
can negatively affect the magnetic separation, however, resulting in a lower

coercivity.
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Figure 3-30 Magnetization of ReFe;3Ga phase; (a) TEM image of ReFei3G grain-boundary phase

and (b) STEM-Lorentz mapping of ReFe13G phase.

The relationship between the Ce or Y concentration and FM/AFM stability in the
R¢FeisGa phase was evaluated by first-principles calculations. Tetragonal
Nde¢Fei3Ga (space group: I4/mcm) was selected as a model for the calculation.
There are two sites for Nd (Wyckoff position:16l; and 8f) and four sites for Fe (16l,,
16l;, 16k, and 4d). The Nd 8f site was replaced by Y or Ce, resulting in the
formation of Nd4R,Fe;3Ga (R =Y or Ce). The FM and AFM phases were formed by
varying the initial magnetic moment of Fe for the calculations. In this investigation,
to attain the FM phase, the initial magnetic moments of all the Fe sites were placed
parallel to one another. On the other hand, to attain the AFM phase, those of the
Fe at 16l, and 165 sites were placed antiparallel to the Fe at the 16k and 4d sites.
Therefore, the magnetic moments of the Fe along the c-axis were set to be
antiparallel. To obtain an energetically stable structure including the ionic positions

and magnetic moments, the total energies were minimized in the calculation.

The calculated total energy of the Ndg¢Fe;3Ga in FM phase was 0.22 eV/atom
larger than that of the AFM phase as shown in Figure 3-31. It indicate AFM is stable
in NdeFe13Ga.
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Microstructural design of Ce-added grain boundary phase for Nd and Pr reduction

(a) FM (b) AFM Isosurface
2.96 nm3

a=7.867A a=7.851A

c=22.38A c=22.12A

Nd O

AEt = 0.22 eV/atom ' AEt = 0.00 eV/atom
.

Ga

Figure 3-31 Spin difference charge density distribution in the NdesFei3Ga phase;

(a) ferromagnetic state and (b) anti-ferromagnetic state.

This figure shows the spin difference charge density distribution in the Nd¢Fe;;Ga
phase at an isosurface of 2.96 nm™. A cloud of electrons surrounds each atom,
with yellow indicating more up spins and blue indicating more down spins.
Therefore, if the color around the Fe atom is different for each Fe atom, it indicates

that it is not ferromagnetic but antiferromagnetic (or ferrimagnetic).

The calculated total energy of the Nd,Y,Fe;3Ga in the FM phase was 0.18 eV/atom
larger than that of the AFM phase as shown in Figure 3-32. It indicates AFM is

stable in Nd4Y;Fe;3Ga, as same as NdgFe ;Ga.
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Microstructural design of Ce-added grain boundary phase for Nd and Pr reduction

(a) FM (b) AFM
a=7.851A a=7.814A
c=22.17A c=21.88A

AEt = 0.18 eV/atom AEt = 0.00 eV/atom

Figure 3-32 Spin difference charge density distribution in the Nd4Y>Fei3Ga phase,;

(a) ferromagnetic state and (b) anti-ferromagnetic state.

On the other hand, the calculated total energy of the Nd,Ce,Fe;;Ga in FM phase
was 0.12 eV/atom smaller than that of the AFM phase as shown in Figure 3-33. It

indicates FM is stable in Nd,Ce,Fe 3Ga.
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Microstructural design of Ce-added grain boundary phase for Nd and Pr reduction

(a) FM
a=7.859A
c = 21.80A

AEt = 0.00 eV/atom
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a = 7.8354
c = 22,404

AEt = 0.12 eV/atom

Figure 3-33 Spin difference charge density distribution in the NdsCexFei3Ga phase;

(a) ferromagnetic state and (b) anti-ferromagnetic state.

These calculated results indicate that the magnetization of the Nds..Ce,Fe;3Ga can

increase with x. Based on the composition of the R¢Fe;3Ga phase, the effect of Ce

is dominant compared to Y, such that the RgFe;3Ga in this experiment could be

considered to be the FM phase while the Nd¢Fe;3Ga is AFM phase. In the R¢Fe3Ga

phase of the 2.0 at% Ga added specimen, the rare earth element composition was

20.6 at% Nd-8.6 at% Ce-1.7 at% Y. Since this composition is rewritten as

Nd4Ce; ;Yo 3Fe13Ga, it is clear that the substitution of Nd by Ce affects the stability

of FM/AFM more than Y. Therefore, the results of FM/AFM stability in the simulation

confirmed the increase in magnetization of R¢Fe;3Ga due to Ce substitution.

3.3.7 Control of Ce concentration in RFe, phase

At room temperature, CeFe, is considered to be paramagnetic [202], [203],

[207]-[211]. However, the effect of substituting Nd with other rare earth elements
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on the magnetization of RFe; is not clear. The composition and magnetization of
the RFe, phase were investigated in detail. The ingot of CeFe, was fabricated using
an arc-melting method. The magnetization of the ingot was measured with the
STEM-Lorentz method, being found to be about 0.05 T; this is regarded as being
small enough for magnetic separation like the Nd¢Fe;3Ga grain boundary phase in

a Nd,Fe4B sintered magnet [108].

The magnetization of the RFe;, phase at room temperature was estimated using
RFe, ingots with a composition of (Nd;.,Ce,)Fe,. With using XRD, the phases in the
ingots were found to be RFe,, RO, and a small amount of RFe; and R-rich phases.
The area ratio of the RFe, phase was almost 80 % in all the specimens, as
determined by SEM-EDS. The magnetization of the RFe; phase was estimated from
the area ratio estimated from the cross sectional images and total magnetization,
as measured by VSM, assuming that the magnetization of the small amount of

RFe; and R-rich phase was constant, regardless of the Ce concentration.

The area ratio of each phase was calculated using SEM-EDS. The estimated
magnetization of the RFe, phase as a function of the Ce concentration, after
removing the effects of the magnetization of other phases, is shown in Figure 3-34.
The magnetization of the RFe, phase decreases linearly with the Ce concentration.
Thus, the coercivity can be improved by increasing the Ce concentration in the

RFe, grain boundary phase.
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Figure 3-34 Estimated magnetization of (Nd~xCex)Fe> phase.

Specimens were prepared by setting the concentration ratios of Nd, Y, and Ce
to 50:25:25, 50:10:40, and 50:0:50 in molar ratio with the preparation
composition of 16.0 at% TRE-0.6 at% Co-5.0 at% B-M (M = Cu, Al, Zr) -Fe Bal.
The average particle size was 2.8 um. The optimum sintering temperature for the
highest coercivity decreased as the Ce concentration increased, being 1288, 1243,
and 1228 K, respectively. The coercivity, residual flux density, coverage ratio, RFe;

phase ratio, and Ce/TRE in the RFe, phase are listed in Table 3-1.
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Table 3-1 Magnetic properties and microstructural feature points in 16.0 at% TRE-0.6 at% Co-5.0

at% B-M (M=Cu, Al, Zr) -Fe Bal. magnet.

Ce /TRE (%) 25 40 50
Hg (kA/m) 920 1063 1004
B. (T) 1.27 1.22 1.18
(BH)max (K3/m?) 288 260 236
Coverage ratio (%) 53 65 62
RFe, phase ratio (%) 10 15 16
Ce/TRE in RFe;, phase (%) 67 74 79

The maximum coercivity of 1063 kA/m (13.4 kOe) was achieved with a residual
flux density of 1.22 T and a maximum energy density of 260 kJ/m? in a Ce/TRE
ratio of 40 % specimen. The anisotropy field of the sample with Ce concentration
of 40% is calculated to 3780 kA/m according to the mixing rule. Therefore, the
value of the coercivity is 28% of the anisotropy field (H./H,), which is much larger
than the value of 15% of the conventional Nd-Fe-B magnet (The coercivity criterion

is given in Appendix section).

The concentration of Ce in the RFe, grain boundary phase increased as the Ce
content in TRE increased, as was expected. However, the coercivity did not
increase. Since the maximum Ce concentration was 79 %, the magnetization is
expected to be around 0.3 T, based on Figure 3-34, such that the magnetic
separation is not enough to increase the coercivity. The coverage ratio was a
maximum of 65% at a Ce/TRE ratio of 40 %. The coverage ratio indicates the
degree of total grain isolation, which is responsible for the high coercivity. The
specimen with a Ce/TRE ratio of 50 % was sintered at the lowest temperature
applied to the three specimens, that is, 1228 K because above this temperature,

abnormal grain growth occurred to lower the coercivity. Although the melting point
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of the CeFe, phase is below the sintering temperature, 1198 K, it is thought that
the melting point of RFe; is increased by the substitution. The low sintering
temperature could lower the wettability between the grain boundary phase and
grains, resulting in the lower coverage ratio. Since this coverage ratio is thought
to be closely correlated to the coercivity, the highest coercivity was obtained at a

Ce/TRE ratio of 40 %.

The coverage ratio of 65% is smaller than the value of more than 80% obtained
for a Nd-Fe-B magnet without Dy and Tb which was described in Section 2.3.7.
This is because RFe, consumes only Fe in the R-rich phase, unlike NdgFe;3Ga, which
decomposes Nd,Fe;4B, the main phase, and forms RFe, by using Fe. Therefore,
the formation of thin RFe, grain boundary phase can be less aggressive than that

of the NdgFe;3Ga phase.

The (Nd, Ce)Fe, grain boundary phase did not have as low magnetization as
NdeFe;3Ga described in Section 2.3.5, but had lower magnetization than the R-rich
phase used in conventional Nd-Fe-B magnets, which may contribute to the
magnetic isolation of the grains. Compared with the introduction of Nd¢Fe;5Ga, a
higher coverage ratio was not obtained, which may be due to the fact that, unlike
the formation of Nd¢Fei3Ga, the (Nd, Ce)Fe, phase is formed by consuming Fe in
the R-rich phase rather than Fe in the R,Fe;4B phase. This may be due to the fact
that the (Nd, Ce)Fe, phase is very easy to form and no additional heat treatment
is not required to form like Nd¢Fe;3Ga. As a result, the formation of grain boundary
phase was not sufficient and the coverage rate was not sufficiently improved
compared to more than 80 % at the introduction of Nd¢Fe;3Ga grain boundary

phase.
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3.4 Conclusion

In order to reduce the use of Nd and Pr itself in Nd-Fe-B magnet, substituting
Nd with more abundant rare earth elements was performed; a high-throughput
composition search method was constructed, and a sintered magnet was made by
combining a microstructure control technique. The combinatorial chemistry
method was used as a composition search method to search for the composition
of thin film magnets. The selected candidate compositions were then applied to
the bulk magnets. The grain boundary phase composition and its magnetization

were controlled in a sintered magnet.

Based on the concept of combinatorial chemistry, the formation of composition
gradient thin film and evaluation methods of their magnetic properties were
established. Magnetization was estimated from the leakage magnetic flux which
was measured with a nano-MDS system and coercivity was measured by Kerr-
rotation angle and VSM with using a matrix composition deposition method. A
pseudo ternary R-Fe-B thin film was prepared with substituting Ce, La and Y for
Nd as R element, the magnetic properties were evaluated. Simultaneous

substitution of Y and Ce showed comparatively high magnetic properties [202].

Then the effects of the grain boundary phases in a 50 % Y- and Ce- substituted
R,Fe14B sintered magnet were investigated. The substitution of Y and Ce to achieve
higher levels of magnetization and coercivity was performed, achieving a
maximum energy density of 355 kJ/m3 (44.6 MGOe) with a residual flux density
of 1.38 T and a coercivity of 533 kA/m. To improve the coercivity, the introduction
of a RgFej3Ga grain boundary phase was attempted. With the addition of 0.6 at%
Ga, the RgFe;3Ga phase was not observed but the RFe, phase was found to be
dominant in the grain boundary phase. By increasing the Ga content to 1 and 3
at%, the RgFe;3Ga phase appeared, however the coercivity decreased due to the

large magnetization of the phase.
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The magnetization of (Nd, Ce)Fe, decreased with the increase in the Ce
concentration, suggesting that the introduction of the phase may lead to magnetic
separation between the grains. However, the change in the Ce concentration in
the RFe; grain boundary phase of a 16.0 at% TRE-0.6 at% Co-5.0 at% B-M (M =
Cu, Al, Zr) -Fe Bal. sintered magnet was small and rather the coverage ratio of the
grains by the grain boundary phase influenced the coercivity in the Ce content
dependence. The highest coercivity was achieved at a Ce/TRE ratio of 40 %, this
being 1063 kA/m (13.4 kOe) with a residual flux density of 1.22 T. The obtained
coercivity was much higher than our target value, 800 kA/m, and it can be said

that 50% reduction of Nd and Pr was achieved.

* Some of the results in this chapter were summarized in papers [202], [203].
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Chapter 4 Grain boundary protection in near-net shaping

4.1 Introduction

Granulation of Nd-Fe-B magnets is attempted. Since the reduction of R-rich
phase by oxidation and carbonization of Nd-Fe-B magnet powder leads to the
lowering of coercivity, the process was developed to minimize it. To facilitate
supply of magnet powder to a mold having a narrow and long cavity by securing
fluidity of granules, and to obtain high magnetic characteristics. As magnetic
characteristics, coercivity and residual magnetic flux density of 99% or more were

aimed in comparison with sintered magnets made from non-granulated powder.

In order to align the magnetization directions of each grains in sintered body
during the regular magnet manufacturing procedure, net-shape pressing must be
performed uniaxially under an external magnetic field [212]. Transverse pressing,
in which the magnetic field is applied perpendicularly to the pressing force,
produces magnets with higher residual flux densities than those obtained via axial
pressing. The setup of transverse pressing is illustrated as shown in Figure 4-1.
The magnetic powder is fed into the powder feeder, which vibrates in the forward
and backward directions over the cavity, causing the magnetic powder to fall freely
into the cavity. The narrower the opening of the die and the deeper the cavity, the

more difficult it is to fill the cavity with magnetic powder.
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Figure 4-1 An illustration of transverse pressing in magnetic field.

The majority of the shapes utilized for fabricating high-performance magnets
have shorter dimensions along the direction of the magnetic field; hence, the
transverse pressing method is widely used for mass production, despite the limited
number of processable shapes. Because the utilized die cavity has a relatively
narrow opening and large depth, increasing the flowability of the magnetic powder
is extremely important for meeting the requirements of high-performance
magnetic products [171]-[174]. It also facilitates the filling of narrow cavities,
increases the filling rate, and decreases the weight variations of the molded
product. Note that it is extremely difficult to uniformly fill multiple cavities with the
same weight of the magnetic powder characterized by low flowability. Furthermore,
high pressure is applied only to a small number of cavities, which ultimately leads

to mold breakage.
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Binder-bound granules prepared by a spray drying method are widely used to
manufacture the ceramic parts of electronic components [213]. Such granules
represent secondary particles (aggregates of primary particles) with excellent
flowability properties due to their relatively large sizes [173] and round shapes.
However, because it is difficult to align each primary particle in a binder-bound
granule along the easy axis direction, the granule pressing technique cannot be
practically used for magnet manufacture. To apply the spray drying method, the
bonding strength of each particle in the granule should be lower than the rotational
force exerted by the magnetic field; otherwise, a sufficient degree of orientation
cannot be achieved for an anisotropic magnet. The state of the powder in the ideal
granule pressing process is shown in Figure 4-2. The granules to be applied to the
magnetic powder should retain their granule shape until they are filled into the
cavity (Figure 4-2 c)), and after filling the cavity, when a magnetic field is applied
for orientation, the granule shape should disintegrate due to the rotational torque
of the primary particles by the magnetic field (Figure 4-2 d)). Thus, after the state

illustrated in Figure 4-2 d), traces of granules must be completely eliminated.

a)

STATS

Figure 4-2 An illustration of granule molding,; a) primary particles, b) secondary particles

(granules), c) die filling, d) application of magnetic field, e) pressing.
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As an example, a simple comparison is made with respect to the difference in
the material yield by the processing means when the arcuate magnet is formed.
Here, the magnet for 8-pole surface mounting permanent magnet motor (SPM)
for electric power steering (EPS) was assumed. Create an arcuate magnet with an
inner diameter of 35 mm and an outer diameter of 38 mm and a width of 26 mm
and a height of 25 mm. This shape is shown in Figure 4-3. The parallel orientation

direction is perpendicular to the center of the arc.

Figure 4-3 An illustration of arcuate magnet.

Since it is difficult to perform near-net pressing of this magnet, several arc-shaped
magnets are usually machined out from a magnet block. Here, near-net pressing
means that the shape is formed to be close to that of the final product, which in
this case is a single arc-shaped magnet. So, assume that we are going to carve
out four arc magnets from a single magnet block. This process is shown in Figure
4-4. Assume that the cutting allowance for making the magnet surface flat is 0.3
mm and the thickness of the cutting blade for cutting the magnets is 0.5 mm. First,
a magnet block is hexahedronically machined and then this magnet is divided into
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four parts by cutting blades. The arc-shaped magnet is ground out of the
rectangular magnet. The volume of the four arc magnets total is calculated to45%
of the original magnet block. In other words, the material yield is 45%. The next
step is to calculate the material yield if near-net molding were possible. Suppose
that a near-net pressing process is used to press and sinter a near-net magnet and
the surface of the magnet is ground down to 0.3 mm. The volume of the arc-
shaped magnet at this point is 79% of the volume before grinding. In other words,
the material yield is 79%. These results mean that 34% of the magnets will not be

lost if near-net pressing is possible.

Figure 4-4 Machining process of arc magnets from a magnetic block.

As described, the actual amount of reduction depends on the magnet design.
The smaller the number of magnet poles in motor design, the greater the arc angle
and the greater the reduction in waste. For example, the motor design as explained

above is a 8-pole rotor with the width of 26mm but in a 4-pole designed with a
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width of 48mm and 2-pole designed with a width of 68 mm, the Nd, Pr, Dy and

Tb waste is reduced by 57% and 68%, respectively.

4.2 Experimental procedure

4.2.1 Preparation of primary magnetic particles

Two different alloys with the compositions 12.1 at.% Nd-2.4 at.% Dy-0.5 at.%
Co-6.0 at.% B-M-bal. Fe (M = Cu, Al) and 12.6 at.% Nd-1.8 at.% Dy-0.5 at.%
Co-6.0 at.% B-M-bal. Fe (M = Cu, Al) were produced by a strip casting method.
These alloys possessed different magnetization and coercivity properties due to the
different contents of Nd and Dy. The raw alloys were coarsely pulverized by a
hydrogen decrepitation method followed by fine pulverization via jet milling to
obtain fine powders with an average particle diameter of 4.7 um. The pulverization
process was performed in an anaerobic atmosphere with an oxygen content of
3000 ppm and 0.1 wt% solid lubricant, fatty acid amide, was added to prevent

fusion of milled particles.

4.2.2 Preparation of magnetic granules

Binder-bound granules

A slurry of magnetic particles was prepared from a primary magnetic powder,
an organic binder, and a solvent without a dispersant. The primary particles
obtained from one of the two above-mentioned alloys were used as the magnetic
powder. PVA (PVA 217, Kuraray Co., Ltd.) with a saponification degree of 87-89%
and polymerization degree of 1700, and polyvinyl butyral (PVB BH-3, Sekisui
chemical co., Ltd.) with a polymerization degree of 1700 were utilized as the

organic binders. Deionized water and ethanol were used as the solvents. First, an
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organic binder was completely dissolved in a solvent followed by the addition of
the magnetic powder and mixing by an agitator. Powder concentration in the slurry

was 15 vol%.

The binder-bound granules were produced by spraying the slurry using a rotary-
disk-type spray drier (CL-12, Ohkawara Kakohki, Co., Ltd.) under a nitrogen
atmosphere to avoid high-temperature oxidation of the magnetic powder. The
rotational speed of the rotary disk was 14000 rpm. The inlet and outlet

temperatures of the drying chamber were 70-100 °C and 50-75 °C, respectively.

Liquid-bound granules

A tumbling granulator (RMO-2H, Dalton Co., Ltd.) was used to prepare the
liquid-bound granules. The primary particles were placed inside the granulator
chamber under a nitrogen gas flow. Chopper rotation speed was 4700 rpm. The
binding liquid was sprayed after the chamber was completely filled with nitrogen,
and the chopper rotation speed was changed to 2300 rpm for 1 min for leveling

the granule size.

4.3 Characterization techniques

Scanning electron microscopy (SEM) and optical microscopy were used for
observing the granule morphology. A static angle of repose [214] was measured
as the powder flowability indicator by a ABD powder peculiarity measuring
instrument (Tsutsui Scientific Instruments Co., Ltd.). Using a vibrating mesh, the
granules were dropped from a funnel onto a sample table with a diameter of 60
mm to form a conical pile, and thereafter, the angle between the pile peak and the

table surface was determined. This process was repeated three times, and the
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average value of the measured angles of repose was calculated (generally, a low

angle of repose indicates a higher powder flowability).

Primary or secondary particles (granules) were placed in a transverse magnetic
field of 1600 kA/m to produce compacts by uniaxial pressing under a pressure of
137 MPa. To prepare binder-bound granules, the debinding process of heating at
400 °C for 1 h in a hydrogen atmosphere was performed prior to the sintering
procedure. The obtained compacts were sintered in vacuum (102 Pa) for 4 h in a
temperature range of 1060-1080 °C and then annealed for 1 h at 850 °C followed
by annealing for 1 h at 560 °C. The compacting process was conducted in air. The
magnetic properties of the resulting specimens were evaluated using a B-H curve

tracer (Tamakawa Co., Ltd.).

4.4 Results and discussions

4.4.1 Binder-bound granules

Generally, in the ceramic industry, spray-dried granule is used for the
improvement of flowability of powder. PVA (Poly vinyl alcohol), which is easily
dissolved in water, is often used as a binder. Therefore, the effect of this
combination on the magnetic properties of the magnet was investigated. That is,
the effect of the increase of oxygen and carbon by the binder addition on the

sintering was examined.

Nd-Fe-B magnet powders usually contain hundreds to several thousand ppm
oxygen and several hundred ppm carbon. The Nd-Fe-B magnet is manufactured
under an atmosphere in which oxygen is reduced, but it is impossible to completely
prevent the mixing of a small amount of oxygen, and oxidation to some extent is

unavoidable. Lubricant is added in order to prevent fusing of the fine powders
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when the alloy is pulverized and to reduce friction between the fine powders so
that the fine powders are easily oriented during magnetic field molding. This is

because carbon contained in the lubricant remains in the sintered magnet.

These oxygen and carbon combine with Nd metal to form oxides and carbides.
Therefore, in order to form an appropriate grain boundary phase, the amount of
oxide and carbide to be formed in advance is estimated, and a larger amount of
rare earth element is added. When the grain boundary phase is insufficient, the
magnetic separation between particles is not sufficiently performed, and the

desired coercivity cannot be developed.

The Nd-Fe-B magnet powder used in this experiment has a composition design
that can form an R-rich phase of 3 vol% even if the maximum oxidation and
carbonization in the process are assumed (It is assumed that Nd binds
preferentially to oxygen and carbon and the rest forms the R,Fe;4B and R-rich
phases.) and more than 92 vol% of main phase (Nd.Fe;4sB) is remained. The
magnet powder and PVA aqueous solution were mixed in a mortar, the particles
were adjusted and dried. The amount of solid PVA added is 0.8 wt% based on the
Nd-Fe-B magnet powder. They were pressed in magnetic field and sintered under

usual conditions. As a result, the Nd-Fe-B magnet added with PVA was hardly
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densified. A photograph of the sintered sample is shown in Figure 4-5 along with

the sample without PVA.

Figure 4-5 Image of sintered magnet prepared from magnet powder

with (Upper) and without (Lower) PVA.

The size of the compact before sintering is almost the same. It can be seen that
samples without PVA are densified by sintering, while samples with PVA are
significantly inhibited from densification. The density of the compact and the

sintered body, the amount of residual oxygen and carbon, and the magnetic
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characteristics are shown in Table 4-1. As a comparison, Nd-Fe-B magnet powder

without mixing PVA is also shown.

Table 4-1 Density, impurity content and magnetic properties of sintered materials from magnet

powder with and without PVA.

Density (g/cm?®) Residual B, Hg

compact sintered O (ppm) C (ppm) (%) (%)

PVA added 4.30 5.30 26540 3970 11.1 0.8
Non-added 4.36 7.63 4330 570 100 100

In the sample with PVA added, the amount of residual oxygen and carbon is
obviously large, and the lowering of magnetic characteristics is remarkable. Based
on these residual oxygen and carbon contents, the fraction of the forming phase

was calculated. The results are listed in Table 4-2.

Table 4-2 Calculation results of the formation rate of each phase.

Residual (ppm) Phase (vol%)
0] C Main phase R-rich  Oxide Carbide others
PVA added 4330 570 91.0 4.7 3.2 0.6 0.5
Non-added 36540 3970 25.9 0.0 26.4 3.8 43.9

PVA added samples form large amounts of oxides and carbides, resulting in no
R-rich phase formation. Therefore, it can be easily presumed that liquid phase
sintering could not occur and sintering shortage occurred. Since the R-rich grain
boundary phase does not form, the coercivity is hardly developed. Although the

Nd,Fe14B phase was formed by about 26%, it is presumed that the orientation of
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the primary particles was hardly possible due to the strong bonding force by the
binder. Since the residual magnetic flux density of the isotropic magnet is only half
of that of the fully anisotropic magnet, the fact that the residual magnetic flux
density of the PVA added sample is about 11% almost agrees with the calculation

result.

In a series of papers published by Sumitomo Special Metals Co., Ltd. , the
targets are 10,000 ppm of residual oxygen and 1000 pm of residual carbon [170],
[171], [173]. If this amount of residual impurities is allowed and the amount of R-
rich phase is maintained at the same level as that of the original design, the main
phase ratio is reduced by about 5% [215]. That is, the residual magnetic flux
density is also reduced by 5%. From this, it can be said that the increase in the

amount of residual oxygen and carbon is unacceptable.

From these results, it was concluded that a process to remove oxygen and
carbon was necessary in the binder-bound granules. First, it is necessary to select
a dispersion medium that does not oxidize the Nd-Fe-B magnet powder, and then
it is necessary to add a process for removing carbon. As the latter, the binder-
bound granules were heated in a hydrogen atmosphere as a preliminary step
thereafter. Because carbon is bonded to hydrogen by heat treatment, it can be

removed from the system as methane gas.

In this procedure, ensuring proper dispersion medium selection is critical
because the magnetic properties of the Nd-Fe-B magnetic powder deteriorate due

to oxidation. Therefore, 3 g of the pulverized powder, which is shown in Figure 4-6,
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was added to 8 cm? of various dispersion medium for 8 h; the resulting mixtures

were kept uncovered and vacuum dried at a room temperature of 20 °C.

Figure 4-6 Typical primary powder of Nd-Fe-B magnet.

The oxygen contents in the solvent-treated and non-treated powders are listed
in Table 4-3. Significant powder oxidation was observed after the treatment with
deionized water [170]. Because toluene is less compatible with water than with
ethanol, a lower degree of oxidation was expected for the toluene-treated powder.

However, the degrees of oxidation obtained for the magnetic powders soaked in
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toluene and ethanol were almost identical. Hence, ethanol was used as the organic

solvent for the binder due to its lower cost.

Table 4-3 Oxygen contents in the magnetic powders immersed in various solvents.

Non-immersed Deionized water Ethanol Toluene

Oxygen (ppm) 3960 13130 5210 5160

Two types of the spray dried granules with a binder content of 0.8 wt.% were
prepared: PVA in deionized water and PVB in ethanol. SEM images of these
granules are shown in Figure 4-7. Their surfaces are not smooth due to the large
size of the primary particles; however, no significant differences between the
shapes of the two granules are observed. The average diameters of both granules

are approximately 40 um.

Figure 4-7 SEM images of a) PVA and b) PVB granules.

Despite the existence of several powder flowability indicators, including the Carr

flowability index [214], [216], [217], the angle of repose is the most suitable
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metric for estimating the flowability range of the primary and secondary particles
in @ magnet. The angles of repose of the spray dried granules and magnetic
properties of the sintered magnets prepared from these granules are listed in Table
4-4 (here, the non-granulated powder is used as the reference). As described
above, all the compacts were decarbonized by heat treatment in hydrogen before
sintering. Both granule types have much smaller angles of repose than that of the
non-granulated powder, indicating higher flowabilities; however, their magnetic

properties, namely residual flux density and coercivity, are significantly degraded.

Table 4-4 Angles of repose of the spray dried granules and magnetic properties of the sintered

magnets prepared from these granules.

Angle of repose (° ) Br (%) He (%)
Non-granulated 63 100 100
PVA+DIW 36.7 49.8 7.7
PVB+Ethanol 30.0 64.1 100.6

The PVA granules were not sufficiently densified and exhibited large deformation
after sintering; as a result, their sintered density could not be measured. In
contrast, the PVB granules were densified to a value exceeding 95% of their
theoretical density. The particle oxidization in the PVA granules reduced the
content of the R-rich phase and prevented sintering of the liquid phase [215]; it
can also explain their low magnetic coercivity. Both granule types possessed
extremely low values of the residual flux density, which was proportional to the
relative density (ratio of actual to theoretical density) and degree of orientation.
The PVB granules with high sintered density also exhibited a low residual magnetic

flux density, which was likely caused by the low degree of orientation because the
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particle bonding by the organic binder prevented the rotation of the primary

particles against the applied magnetic field during pressing [218].

To increase the granule residual flux density, the binder content in the PVB
granules was decreased to weaken the binding strength of each particle. The
obtained relationship between the angle of repose and the relative residual flux
density of the granules with PVB contents of 0.0 (non-granulated), 0.1, 0.3, 0.5,
and 0.8 wt.% is presented in Figure 4-8, while the SEM images of these granules
are displayed in Figure 4-9. According to Figure 4-8, the angle of repose decreases
with increasing binder content, and the SEM observations show that the primary
and secondary particles coexist in the granules with low PVB contents. From these
results, it has been concluded that some granules collapse during the spray-drying
process and that it is difficult to maintain the granular state at an organic binder
concentration of 0.1 wt.% or less. The binding force of the organic binder cannot
withstand external forces (such as the centrifugal and impact ones), which are
applied to the granules during the spray drying process. The primary particles may
easily rotate during the magnetic field pressing to achieve a higher residual flux
density; however, the rotation of the secondary particles is hindered. Therefore,
the residual magnetic flux density increased as the fraction of the primary particles

increased.

To achieve the optimal residual flux density and flowability of the granules, the
latter should be granulated by the relatively weak external forces. Furthermore,

because the debinding heat treatment of the organic binder conducted under the
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hydrogen atmosphere considerably increases the production cost, granules should

be preferably densified under normal sintering conditions.
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Figure 4-8 Relationship between the angle of repose and the relative residual flux density of the

prepared granules.
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4.4.2 Liquid-bound granules

Because the primary particles must be bound to each other by a bonding force
that is weaker than that of the organic binder, a liquid bridge force was used for
this purpose [219]-[222]. Three liquids (ethanol, toluene, and terpineol) were
selected based on their vapor pressures, which allowed them to easily debind
during the sintering process; otherwise, the produced residual carbon might
decrease the granule coercivity. The primary particles (100 g) and specific amounts
of the liquid were mixed manually using a mortar to form granules. For uniform
mixing, 12.5 wt.% of ethanol, 12.5 wt.% of toluene, and 6.25 wt.% of terpineol
were added to the magnetic powder. Terpineol undergoes limited volatization
during mixing; therefore, its content was much lower than those of ethanol and
toluene. During mixing, the primary particles adsorbed the liquid and formed lumps
through tumbling agglomeration [223]-[227], which were subsequently
granulated. Since granule size affects flowability [228]-[232], a systematic
comparison should be made by keeping the granule size at the same level for a
systematic comparison to be made with readings of the same level of granule size.
The obtained granules were sieved through 300 um and 180 pm mesh sieves to

select granules with intermediate sizes.

Table 4-5 lists the vapor pressures of all the liquids at 20 °C, concentrations of
the residual oxygen and carbon elements, and angles of repose of the granules
prepared from different liquids (the non-granulated powder was used as the

reference).
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Table 4-5 Vapor pressures of the utilized liquids at 20 °C, concentrations of the residual oxygen

and carbon, and angles of repose of granules prepared from the corresponding liquids.

Vapor pressure

O (ppm) C(ppm) Angle of repose (° )
(mmHg)
Non-granulated - 4360 790 63
Ethanol 44 5030 850 54
Toluene 22 4690 880 54
Terpineol 0.04 10940 2730 43

The granules prepared from ethanol and toluene contained low contents of
carbon and oxygen residues, which likely resulted from the volatilization of the
organic liquids. Further, these granules had smaller angles of repose than the non-
granulated powder. In contrast, the granules prepared with terpineol had larger
amounts of residual carbon and oxygen and a much smaller angle of repose than

the non-granulated powder.

The granules were pressed in the presence of a magnetic field and sintered,
after which the concentrations of the residual oxygen and carbon were measured,
and the magnetic properties of the granules were determined. No special debinding
procedure, such as heating under a hydrogen atmosphere, was performed for the

spray dried granules.

The concentrations of residual elements and magnetic properties of the granules
are listed in Table 4-6. The contents of the residual oxygen and carbon in each
specimen were relatively low, indicating effective debinding of these species in the
sintering process. This is very important to maintain high coercivity because it
means that excess oxide and carbide which decrease the quantity of R-rich phase
did not formed. The terpineol granules possessed a slightly higher carbon content,

which reduced the granule and residual flux densities; however, no apparent
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decrease in the magnetic coercivity was observed. Hence, the liquid-bound
granules prepared using terpineol were most suitable for magnet fabrication in

terms of flowability and magnetic properties.

Table 4-6 Residual oxygen and carbon contents, and magnetic properties of sintered magnets

obtained from the granules treated with various liquids.

Mixed liquid O (ppm) C(ppm) Density (g/cm®) B, (%) He (%)
Non-granulated 4360 580 7.59 100 100
Ethanol 4530 640 7.59 99.3 99.2
Toluene 4760 610 7.59 99.9 99.8
Terpineol 4680 690 7.56 97.5 99.7

Furthermore, to scale up the production of liquid-bound granules, the tumbling
granulator specified in 4.2.2 was utilized (the spray drying method could not be
applied to the liquid-bound granules because it would disintegrate them due to the
weakness of the liquid bridge force). This apparatus contained a cylindrical
chamber oriented in the horizontal direction, a mixing blade, two choppers, and a
two-fluid nozzle inside the chamber. The powder placed in the chamber was
scraped with the mixing blade and then dispersed and shredded with the two
choppers to ensure uniform mixing with a low degree of segregation. The liquid
was sprayed through the two-fluid nozzle using nitrogen gas. When its amount
was too small, the liquid and the powder could not be uniformly mixed. Even using
the granulator, it was still difficult to homogeneously mix the powder and the
granulate with a terpineol content less than 6.25 wt.% (=35 vol.%) because of its
inability to reach the pendular state [224], [233]. However, the terpineol
concentration of 6.25 wt.% was too high to obtain a high residual magnetic flux
density. To achieve both the uniform mixing and high residual flux density, the
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tumbling granulation process was performed by jetting a mixture of two liquids
with different vapor pressures. Thereafter, only the liquid with the high vapor
pressure was evaporated and removed from the liquid-bound granule in a vacuum
dryer. By applying this method, the amount of terpineol required for achieving
good magnetic properties of the liquid-bound granules can be accurately controlled

while adding the required liquid amount.

The liquid-bound granules were prepared in the granulator by adding 2.0 wt.%
of terpineol and 6.75 wt.% of ethanol to the magnetic powder at a jetting rate of
50 g/min. The vapor pressures of terpineol and ethanol differed by three orders of
magnitude around room temperature as shown in Figure 4-10, and therefore,

were suitable for the selective removal of the liquids through vacuum evaporation.
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Figure 4-10 Vapor pressure of ethanol and terpineol as a function of temperature.

Granules larger than 425 pm were overcut using an automatic sieve. All
granules size was reduced to 425 um or less using tapping balls and passed

through a sieve. The undercut was not performed. By this, all Nd-Fe-B magnet

- 149 -



Grain boundary protection in near-net shaping

powder was granulated, eliminating the need for disposal and recycling. Moreover,
only ethanol was removed by vacuum drying and collected through a cold trap for
further reuse in manufacturing liquid-bound granules. The angle of repose and
photograph of the sieved liquid-bound granules obtained using the non-granulated
powder as the reference are shown in Figure 4-11. Thus, liquid-bound granules
were successfully granulated by utilizing the tumbling granulator and the automatic

sieving machine as well as by manual mixing in a mortar.

b) c)

a)

AT

Figure 4-11 Angles of repose of the (a) original magnetic powder and (b) liquid-bound granule. (c)

An optical image of the liquid-bound granule containing 2.0 wt. % of terpineol.

The granule size distributions obtained before and after sieving are shown in
Figure 4-12. The sieved liquid-bound granules clearly exhibit a lower angle of
repose than the non-sieved granules. During automatic sieving, more intense
tumbling was applied to the granules because of the vibration of the sieve; as a
result, fine granules with sizes <180 pm merged with the coarser granules, thus

improving the size distribution.
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Figure 4-12 Granule size distributions obtained before and after sieving.

The angles of repose of the granules measured before and after sieving as well
as the magnetic properties of the sintered magnets obtained from these granules
are listed in Table 4-7. These results indicate that the angle of repose of the
granules evidently decreased after sieving; however, a small reduction in the
residual flux density was observed for the sintered magnets fabricated from these
granules. This phenomenon was likely caused by the decrease in the number of
the primary magnetic particles, which were easily rotated during magnetic field
pressing. Furthermore, because the weight loss during sintering was
approximately 2 wt.%, only ethanol species were effectively removed by the

vacuum evaporation process.
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Table 4-7 Angles of repose of granules obtained before and after sieving, and magnetic properties

of the sintered magnets prepared from these granules.

Angle of repose (° ) B, (%) He (%)
Non-granulated 63 100 100
Before sieving 52.3 98.6 99.4
After sieving 44.8 97.8 98.2

To increase the residual flux density of the sintered magnets, the terpinol
concentration was decreased. A high jetting rate of the liquid was used (70 g/min)
according to the results of previous studies, because for a higher jetting rate of the
liquid, larger granule diameters were obtained, which increased the particle
flowability. Automatic sieving was performed to overcut the granules with sizes
larger than 450 um. The angles of repose of the liquid-bound granules measured
at different terpineol concentrations and the magnetic properties of the sintered
magnets fabricated from these granules are listed in Table 4-8. Although the
flowability of the granules and their residual flux density exhibit a reciprocal
relationship, a higher residual magnetic flux density was obtained at a smaller
angle of repose than that of the binder-bound granules. In the specified terpineol
addition range, no changes in the coercivity of the sintered magnets were observed.
At a terpineol concentration of approximately 0.25 wt.% (=2.0 vol.%), both the
high flowability and residual flux density (compared with those of the spray dried
granules) were achieved. A 0.7% reduction in the residual magnetic flux density
corresponds to 9 mT, which represents the grade of magnetic properties employed

for the non-granulated material.
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Table 4-8 Angles of repose of the terpineol-bound granules measured at different terpineol

concentrations, and magnetic properties of the sintered magnets prepared from these granules.

Terpineol (Wt%)  Angle of repose (° ) B, (%) He (%)
Non-granulated 63 100 100
0.125 44.2 99.6 98.5
0.25 44.2 99.3 99.3
0.5 42.7 98.8 99.7
1.0 42.2 98.6 99.0

Assuming that the primary particles are spheres having a diameter of 4 um and
that 0.25 wt% of terpineol is uniformly adhered to the surface of the primary
particles, the thickness of the terpineol is calculated to be 0.0134 pm. This amount
seems to be absolutely insufficient for liquid bridging. However, since the ethanol
is evaporated after the mixed solution of terpineol and ethanol is added as
described above and both are compatible, there is a high possibility that terpineol
condenses at the contact point between the primary particles when the ethanol is
evaporated. The amount of terpineol adhered to the primary particles having a
diameter of 4 pm is 0.68 um?, and assuming that the terpineol have a sphere, the
diameter of the terpineol is 1.16 um, which is sufficiently large. The contact points
between the particles are not considered to be one, but there is a possibility of
sufficient liquid cross-linking. This suggests that the two-liquid mixing and one-

liquid evaporation techniques help to effectively place terpineol.

The relationship between the angle of repose and the residual magnetic flux
density of the sintered bodies prepared from them for liquid-bound granules and
various binder-bound granules prepared from them is shown in Figure 4-13. It can
be seen that liquid-bound granules have both higher levels of flowability and

magnetic properties than binder-bound granules. The use of liquid-bound granules
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instead of binder-bound granules is required to achieve the magnetic properties

required for practical magnets.
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Figure 4-13 Relationship between angle of repose in various granules and residual magnetic flux

density of sintered magnets prepared from them.

3.3 Flowability evaluation on a mass production line

Using a mass production uniaxial pressing machine, weight variations of the
pressed powder fraction were investigated. During the mass production process,
the powder filling rate must be sufficiently high, while the weight variations of the
filled part should be small. Filling a constant volume requires a constant bulk
density of the powder. The utilized die contained two cavities with opening

dimensions of 5 mm x 14 mm and filling depth of approximately 60 mm.
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A powder feeder box was moved back and forth above the cavity, causing the
powder to fall naturally onto its top. The time required for powder filling was
determined, and pressing was performed 50 times under the same conditions. The
variation o and average avg of the weight for the two compacts in the two cavities
were obtained and the ratio of the variation to the average o/avg was calculated
every pressing. The ratio o/avg was averaged for 50 pressings to obtain the intra-
pressure weight variation in a single pressing. The standard deviation and mean
of the average weight avg for the two compacts in one pressing were calculated
from 50 pressing and the ratio of the standard deviation to the mean was
calculated to evaluate the inter-pressing weight variation in a number of pressing.
Table 4-9 lists the average of the weight variations for the two cavities over 50
measurements. The liquid-bound granules exhibited smaller feed times and weight
variations than those of the non-granulated powder. Thus, the high flowability of

the granules facilitated the narrow cavity filling.

Table 4-9 Feed times and weight variations of the pressed part.

Variation: d/avg. (%)

Feed time (s) Intra-pressing Inter-pressing
Non-granulated 34 4.55 5.79
Tumble granulated 7 0.82 1.08

The magnet having the shape shown in Figure 4-14 (a) was manufactured by
a mass production process using granules. The orientation field was 1.2 T. The
filling depth was as deep as 70 mm or more, and insufficient orientation of the
lower part of the sample due to its own weight was a concern. Therefore, the
orientation state was confirmed using electron backscatter diffraction (EBSD). The

C-plane was observed on the upper, central, and lower portions of the sample
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shown in Figure 4-14 (b). The observation position is the center in the width
direction of the sample, and is 5 mm from the top, the center of the sample, and

5 mm from the bottom with respect to the filling depth direction, respectively.

a) KON b)

Upper

Center

Lower

Figure 4-14 EBSD measurement sample:

a) sample shape and dimension, b) measurement position.

The results are shown in Figure 4-15. The size of one observation region is 240 X
240 pm. The deviation to the (001) direction which is the C axis is visualized. It
can be seen that, regardless of the observation position of the sample, the crystal
maintains the same degree of orientation. When cosines in the direction of the C-
axis were calculated from the mean deviation angle of the orientation, they were
96.2, 96.8, and 95.9% in the upper part, the center part, and the lower part of
the sample, respectively, with an error within 1%. Although the molding was
carried out under a relatively low magnetic field of 1.2 T, it can be said that the

degree of orientation is kept high as an absolute value.
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Figure 4-15 Orientation of sintered magnets made from granules.

In summary, liquid-bound granules were formed by the weak bonding force
called the liquid bridge force, and the bonds between their particles were easily
broken by the magnetic field applied during magnetic field pressing. The utilization
of these liquid-bound granules in the mass production of magnets facilitated the
stable filling of small cavities with magnetic materials, thus reducing the amount

of rare-earth material waste.

4.5 Conclusion

In order to reduce the amount of rare earth elements, such as Nd, Pr, Dy and
Tb, discarded by processing during the manufacture of sintered magnets, the
realization of granules with high flowability that can withstand near-net shaping
was investigated. It is necessary to secure flowability by granulating the magnet
powder, and to have high magnetic properties, that is, high coercivity and high
residual magnetic flux density, of the sintered magnet produced by using the

granules.

First, binder-bound granule was prepared. In order to form the R-rich phase

which sufficiently develops the coercivity, the slurry composition which avoids
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oxidation and the step of removing the binder were indispensable. Then binder-
bound granules were prepared by the spray drying method using ethanol as the
solvent and PVB as the binder, and before sintering PVB was debound by heating
in hydrogen atmosphere. The low concentrations of PVB increased the angle of
repose serving as the flowability index, while increasing the powder flowability in

the binder-bound granules negatively affected their residual magnetic flux density.

Thereafter, the liquid-bound granules based on the liquid bridge force were
prepared. In this process, terpineol was used as the liquid due to its low volatility
at room temperature and ability to be easily debind during sintering without
hydrogen debinding process. Increasing the terpineol content in the prepared
liquid-bound granules noticeably increased their flowability. A negative correlation
between the flowability and residual magnetic flux density was also observed for
these granules; however, they exhibited much higher residual flux densities and
lower angles of repose than the binder-bound granules. The liquid-bound granules
containing 0.25 wt.% terpineol had a repose angle of 44.2° and relative coercivity
and residual magnetic flux density equal to 99.3 % of the value obtained for the

non-granulated powder.

During the mass production of these granules using a narrow deep die, a high
filling rate and low granule weight variations were achieved. As a result, near-net
shape forming is possible without deterioration of magnetic characteristics.
Depending on the shape of the magnet, 34% to 68% reduction of Nd, Pr, Dy and

Tb waste is possible in the arc type magnet.
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Chapter 5 General conclusions

An attempt was made to extrinsically improve the coercivity by controlling the
microstructure, i.e., the grain boundary phases. Conventionally, the coercivity of
the Nd-Fe-B magnet has been able to exhibit only 20% or less (typically 15%) of
the anisotropy field. The introduction of new grain boundary phases was effective
for the improvement of coercivity, and the formation mechanism, magnetic
properties, and effect mechanism on coercivity of these grain boundary phases
were clarified. By improving coercivity, the use of rare earth elements Nd, Pr, Dy
and Tb, which have been inevitably used in large quantities, can be reduced as a

result. The results of this study are summarized below;

In the study of the reduction of Dy and Tb, the introduction of Nde¢Fe;3Ga grain
boundary phase by Ga addition was tried. The formation of Nd¢Fe;sGa grain
boundary phase was confirmed not only at the triple junction but also at the thin
grain boundary phase, and how this phase was formed during heat treatment was
clarified. Since the Nd¢Fe;3Ga phase was formed by consuming Fe contained in the
main phase and R-rich grain boundary phase, this phase was easily formed as a
thin grain boundary phase. The magnetization of this phase was investigated and
found for the first time to be 0.05 T, which is much lower than that of Nd,Fe4B
particles. The formation of the Nd¢Fe;3Ga grain boundary phase promoted the
penetration of the R-rich phase into grain boundary, and also played the important
role of lowering the magnetization of the R-rich phase itself. The main reason for
the enhancement of coercivity was that the low-magnetization grain boundary
phase enveloped the grains, creating magnetic isolation between each grain. As a
result, a coercivity of 1998 kA/m was achieved in the Nd-Fe-B magnet without Dy

and Tb. This value corresponds to 35% of the anisotropy field, and the potential of
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the Nd-Fe-B magnet was successfully improved by the extrinsic method of grain

boundary control. The reduction effect of Dy and Tb by this is worth 75%.

In the reduction study of Nd and Pr, the introduction of RgFe;3Ga grain boundary
phase by Ga addition was tried in R-Fe-B sintered magnets substituted with Ce.
(where R is a plurality of rare earths including those other than Nd, Pr, Dy and Tb)
When less than 1 wt% of Ga was added, the RgFe;3Ga phase was not formed, and
the RFe; phase and the R-rich phase were formed. When more than 1 wt% of Ga
was added, the R¢Fe;3Ga phase was successfully formed, but the coercivity
decreased. The high magnetization of 0.15T of the R¢Fe;3Ga phase, which was 3
times higher than that of Nd¢Fe;3Ga and low coverage rate of grain by grain
boundary, suggested that this high magnetization did not contribute to the
sufficient magnetic separation between grains. It was found that the magnetization
of the RFe, phase decreases with increasing Ce concentration, an attempt was
made to increase the Ce concentration in the RFe, phase. However, an increase in
the Ce concentration caused a decrease in the sintering temperature and an
enhancement of abnormal grain growth, indicating that there is a suitable
concentration range. As a result of the examination, the optimum magnetic
isolation condition of the grain was produced in the concentration range where the
coverage of the grain can be highest, and it succeeded in obtaining the coercivity
of 1063 kA/m. This value corresponds to 28% of the anisotropy field, and the
potential of the R-Fe-B magnet was successfully improved by the extrinsic method
of grain boundary control. The reduction effect of Nd and Pr by this process is more

than 50%.

A new near-net shaping method was introduced to reduce the amount of cutting
and polishing waste discarded in the magnet manufacturing process. An
unprecedented granulation technique has been established to prevent oxidation

and carbonization of grain boundary phases, which is also applicable to the above
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new grain boundary phases introduced magnet. A new concept of liquid bound
granules using the liquid cross-linking ability of liquids was introduced, and a
process to achieve this was established. Thus, oxidation and carbonization of the
granules are prevented, and the sintered magnet is successfully obtained without
damaging the grain boundary phase. The reduction effect of Nd, Pr, Dy and Tb due
to this depends on the shape of the magnet, however reaches 34-68 % in the
assumed SPM magnet. Further reduction effect is obtained by combining this

technique with a Ga-added magnet or a Ce-added magnet.
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Appendix

Reference values for numerical targets of coercivity

Regarding the reduction of the amount of rare earths, the basic numerical
concept was as follows. According to the results of the “Rare Metal Substitute
Materials Development Project” released in 20103 by the New Energy and
Industrial Technology Development Organization (NEDQO), a coercivity of 800 kA/m
is assumed for magnets that do not contain Dy, and a coercivity of 2400 kA/m is
assumed for magnets that contain 10 wt% of Dy. Coercivity of about 2400 kA/m
is assumed for main motor and generator for EV/HEV applications [214]. In other
words, if a coercivity of 1600 kA/m is achieved without using heavy rare earth
elements, it is equivalent to reducing rare earth elements by 50% in these magnets.
Due to the evolution of motor design including cooling system, EVs/HEVs often use
magnets with lower coercivity such as less than 1990 kA/m nowadays, but targets
were set based on the above values. Similarly, when Nd and Pr are reduced by
half and a coercivity of 800 kA/m is obtained without using heavy rare earth
elements such as Dy and Tb, it is equivalent to reducing Nd and Pr by 50% from
a Nd-Fe-B magnet. These magnets cannot be used in the main motors and
generators of electrified vehicles due to their low coercivity, but can be used in a

variety of other automotive auxiliary motors.

3 https://www.nedo.go.jp/news/press/ZZ_0515A.html
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Unit conversions for magnetic properties

This paper is basically described using the SI system of units. Since the magnet
industry has traditionally preferred the CGS system of units, the CGS system of

units is sometimes used together in this paper. See below for conversion.

Table. Unit conversion for magnetic properties

SI unit cgs unit
Magnetic flux density 1T 10 kG
0.1T 1 kG
Magnetic field 1 kKA/m 12.57 Oe
79.577 kA/m 1 kOe
Maximum energy product 1 MJ/m3 125.66 MGOe
7.96 kl/m3 1 MGOe
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