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alloy of Mn, Bi, and Co. As well as the development of oxide reduction systems for
the study and improvement of magnetic properties. The first step was to design and
develop a sintering technique with an ultra-high vacuum (~10"® mbar). When pure Mn
is exposed to oxygen, manganese oxide forms immediately. Therefore, the sintering
system incorporated into this research was necessary to avoid the presence of oxygen
in the system. The MnBi magnetic synthesis process has many parameters that affect
its magnetic properties. In this research study, it was found that the optimal parameters
for the synthesis are as follows. The MnBi powder particle size is smaller than 20
microns. The vacuum during sintering must be maintained at no more than 107 mbar.
The manganese substrate particle size is smaller than 10 microns. The atomic ratio
between Mn and Bi 1:1. The sintering temperature is 275°C and is held for 12 hrs. These
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of MnBi magnetic material was found to be hampered by hydrocarbon groups coated
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magnetic interaction between the hard magnetic and soft magnetic phases conformed
to the theoretical value, and an oxide reduction system has also been designed and

constructed to further improve magnetic efficiency.
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CHAPTER |
INTRODUCTION

1.1  Background and motivation

The permanent magnet has a key role in driving technology increasingly, such
as motor/generators in electric vehicles and wind turbines, including the storage device
etc. (Cao et al,, 2018). This makes it an important part of the development of modern
technology, which has led to the increasing demand for permanent magnets
(Gutfleisch et al., 2011). The highly efficient permanent magnets have a high coercivity
and remain magnetic even without any external magnetic field, causing those
permanent magnets to have a high maximum energy product (BH) max as well (Kramer
et al,, 2012; Liu et al., 2018). However, most high potential permanent magnets are
synthesized from rare earth elements such as Nd-Fe-Br and Sm-Co etc. Permanent
magnets containing rare earth elements also have obvious disadvantages. They have
low corrosion resistance and decrease magnetism with elevated temperatures.
Meanwhile, the report found that the rare earth elements have a trend to a crisis in
the supply and demand imbalance, that is, the demand is greater than the supply,
and the mining to mine these rare earths can also result in environmental problems
(Gutfleischet al., 2011). As a result, research studies to find and develop rare earth free
permanent magnets as a new alternative for the improvement of various technologies
have begun. Despite the fact that, in theory, rare earth free permanent magnets have
a lower energy product (BH)max value than magnetic materials synthesized from rare
earth elements (Poudyal et al., 2013). However, the problems and driving forces to
drive various technologies make the search for permanent magnetic materials without
rare earth elements very appealing, in which the choice of Mn element as the primary
component becomes one of the potential options due to the five valence electrons
of Mn element being unpaired (Patel et al., 2018), As a result, the energy of magneto-

crystalline anisot tropy has a high value and can be used in the synthesizing of many



metal compounds. When considering the price of magnetic materials, MnAl magnetic
materials are inexpensive, which makes them especially attractive. Meanwhile, the
magnetic properties report shows that the energy product (BH)max of the MnBi
magnetic materials is higher than MnAl and MnGa magnetic materials (Kramer et al,,
2012). This makes MnBi one of the rare earth-free permanent magnet materials with
outstanding properties (Poudyal et al., 2016; Zhu et al., 2016; Dutta et al., 2016; Cao
et al,, 2011). It has a hexagonal structure with the arrangement of Nickel Arsenide (NiAs)
form and the lattice value is a = 4.29 A and c = 6.11 A. It also has magneto-crystalline
anisotropy up to 1.6 x 10° Jm™ (Kronmuller et al,, 2014; Guo et al,, 1992; Yang et al,,
2001) caused by the effect of the spin-orbital interaction, a strong hybridization
between Mn 3d and Bi 6p states and a high curie temperature value, including it has
a higher coercivity with increasing temperatures, which shows that it has a positive
temperature coefficient (Ma et al.,, 2016; Cui et al,, 2014; Junjie et al,, 2016; Chen et
al,, 1974; Zhang et al., 2011; Kharel et al,, 2013; Saha et al., 2000; Yang et al., 2011,
Yang et al,, 2013; Yang et al,, 2002). Hence, it is a permanent magnet material suitable
for use at high temperatures. They are mostly used at an average temperature of about
200 °C (Cuiet al., 2014) in the application mentioned above. Because of the remarkable
properties of LTP-MnBi magnetic materials, this makes coercivity values increase with
increasing temperatures, but when the temperature reaches a certain point, the
coercivity of LTP-MnBi is higher than that of Nd-Fe-B. The synthesis of MnBi magnetic
materials can be studied for the optimum ratio from Bi-Mn diagrams in figure 1.1 (Cui
et al,,2014), (Xie et al., 2016). In which, we know in the magnetic materials network
that the MnBi magnetic materials can be divided into two phases as follows: in the first
part, the synthesis of MnBi magnetic materials using a temperature higher than 340 °C
will have a phase transition to High Temperature Phase (HTP)-MnBi. On the other hand,
if used below the temperature of 340 °C, the phase transition is Low Temperature
Phase (LTP)-MnBi (Narayan et al., 2016). The synthesis of MnBi magnetic materials in a
practical way to obtain high purity and single phase can be very difficult due to the
large difference in melting point between Mn (1,246 °C) and Bi (271 °C). As a result, the

Mn in solid state is dissociated because of peritectic reaction (Cui et al., 2014). The



dissociated Mn will diffusely react with Bi in a liquid state, which will cause there to
always remain Bi from the interaction. In the theory, the high purity and single-phase
form of LTP-MnBi can provide a maximum energy product (BH)max value up to 17.7
MGQe (Cui et al., 2014), while in the experimental report, it has been reported that the
maximum energy product (BH)max of its single-phase form and nanometer scale has
exceeded 10 MGOe at room temperatures (Jihoon et al, 2014). However, the
development of MnBi magnetic materials synthesis techniques has various techniques
such as arc-melting (Li et al., 2018; Poudyal et al., 2016; Cui et al,, 2014; Truong et al,,
2015), rapid solidification (Nithya et al., 2013; Guo et al., 1990), chemical methods (Liu
et al,, 2018; Junjie et al., 2016; Kirkeminde et al., 2011) and sintering techniques (Cao
et al,, 2018). The report found that the sintering techniques are simple methods for
the synthesis process based on the diffusion of solid-state particles, causing the
particles to bond together, making them suitable for commercial production due to
their use of less time and energy than other techniques. Furthermore, it was also found
that MnBi magnets prepared by sintering techniques still exhibited fewer magnetic
properties than other techniques due to their purity and particle size. Each particle
contains a magnetic domain which has magnetostatic energy (Yang et al.,, 2013). A
single domain has a high static magnetostatic energy value, but if there is a subdomain
of magnetism, the value of the static magnetism will be reduced due to the offset.
Another important issue is that the purity content of MnBi magnetic materials is not
enough because, after the synthesis interaction, there are other residual phases of Mn
and Bi.

This research has a primary objective of developing the magnetic properties of
MnBi magnetic materials compounds with vacuum sintering techniques and towards
to high magnetic performance. The main interest is the development of the instrument
for synthesized MnBi. The unique technique is sintering under pressure based on
10® mbar. The reduction of Mn particle size and MnO is a challenge to improving
magnetic performance. composite materials have been used as a hard phase magnetic
material of LTP-MnBi for the induction with Co. The sintered materials will be

characterized by X-ray diffraction (XRD), Scanning Electron Microscope & Energy



Dispersive x-ray Spectrometer (SEM & EDS), X-ray Photoelectron Spectroscopy (XPS),

and vibrating sample magnetometer (VSM).
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Figure 1.1 Mn-Bi phase diagram. (Cui et al., 2014).

1.2  Research objectives

The goal of this research is to synthesize low-temperature phase manganese
bismuth (LTP-MnBi) magnetic materials and to understand the reaction mechanism
that converts Mn and Bi into LTP-MnBi, including its hybridization with Cobalt. The LTP-
MnBi was synthesized at 275 °C using vacuum sintering techniques under various
conditions such as temperature control and hold times, particle size of materials (Mn
particles powder and MnBi powder), pressure on magnetic properties of MnBi,
influence of glycine addition on formation, effect of MnBi composite with Co, and the
design and construction of an oxides reduction system to remove excess oxides for
the high magnetic performance of LTP-MnBi, This technique was fabricated and
improved at the Synchrotron Light Research Institute (SLRI), Nakhon Ratchasima
province, Thailand. The work related to the characterization of the specimen was
carried out to grasp the effect of various conditions with the investigated magnetic
properties were measured using a VSM (Quantum Design, Versalab) at Versalab

Laboratory, Department of Physics, Faculty of Science, Khon Kaen University, Khon



Kaen province, Thailand, examined the morphology and chemical composition via XPS
and SEM & EDS at SLRI; and the analysis of the structure and phase of the sample
using XRD at The Center for Science and Technological Equipment, Suranaree
University of Technology, Nakhon Ratchasima province, Thailand. The effect of various

conditions was methodically and discussed in this research.

1.3  Outline of the thesis

This dissertation is divided into five chapters as follows. The first chapter
provides details of the introduction to the motivation, development, and application
of permanent magnetic materials in this thesis. Chapter Il presents the general
information on manganese bismuth (MnBi), the discovery and development of the
MnBi magnetic materials synthesis process, the relationship between oxide content
and MnBi properties, and the study of MnBi composite with the Co element. Chapter
Il provides details of the fundamental and insight theories of magnetics; the techniques
to produce MnBi magnetic materials; the theory and method for the dilution of the
third element into MnBi magnetic materials; the development of the sintering in
vacuum technique; and the experiments for the synthesizing and characterization of
MnBi  magnetic materials and MnBi/Co composites. Chapter IV presents the
experimental results and discussions obtained during this thesis research. The primary
task focuses on the development of a vacuum sintering system, the investigation of
mechanisms for the magnetization of MnBi magnetic materials, the determination of
the optimum condition, the studies and design, including the establishment of an oxide
reduction system, and the investigation of exchange coupling of MnBi/Co composites.
The main parameters investigated were particle size of MnBi particles, pressure, particle
size of Mn powder prior to synthesis into MnBi form, and the effect of glycine addition
during the Mn ball milling process. Finally, the conclusions, recommendations, and

future approach of this research.



CHAPTER Il
THEORY AND LITERATURE REVIEWS

This chapter explains the theory of magnetic materials, motivation, and
literature reviews in this thesis. The primary task focuses on the magnetization,
induction hysteresis loop, classification of magnetic materials, magnetic domain,
properties of LTP-MnBi, the synthesis techniques for LTP-MnBi, dilution of LTP-MnBi
magnetic materials with the third element, correlation between oxide content and

MnBi properties, and the effect of hard and soft magnet composites.

2.1 Magnetization
The magnetization (M) is the indication value of the magnetic materials, that is,

the magnetic moment per volume. It can be explained from the equation as follows:

A,
A, Jip
M= —
V
—
When M is Interaction between magnetic moment per volume of

materials (cgs unit is emu/cm? and S| unit is A/m)

m is Magnetic flux (Wb)

V is the area perpendicular with magnetic field lines (m?)

When a magnetic material is placed in an area with a magnetic field, as a result
of magnetic moment response to the external magnetic field, the high magnetic field

can be defined by the value of magnetic permeability (u) as following. (Borsup et al,,

2022)

B=pH
The area is in a vacuum condition, so that

B=H4 H

When g permeability value in vacuum condition (4Ttx107" H/m)



When consider to the correlation between magnetic field (H), magnetic
induction (B) and the magnetization (M) can be explained as following equation.
In the SI unit system, the magnetic induction is
- — —
B=pL H + U M
B=L, (H+ M)

When B is magnetic induction (Wb/m? or Tesla, T)
H is magnetic field (A/m)
M is magnetization (A/m)

While the CGS unit system as a show

B=H + a1t
When B is magnetic induction (G)
H is magnetic field (Oe)
M is magnetization (emu/cm?)

2.2  Induction hysteresis loop and magnetic properties

The hysteresis is the effect of the response of the exterior magnetic field,
causing magnetic induction to the nonlinear saturation point. When the magnetic field
(H) increases to a certain point, it also increases the magnetization (M), but when
reducing the magnetic field (H), the magnetization does not reverse to the original line.
This can be explained by the B-H lines illustrated in figure 2.1. Starting at (0,0) is the
starting point where no magnetic flux density exists. When increasing the magnetic
field H, causing magnetization to keep increasing along the dotted line, there's not
going to be a straight line along that line. After that, increase the magnetic field H to a
point and the magnetic flux density B will reach the saturation point (point A). There
will not be any more changes even if the magnetic field H increases. The saturation
point is referred to as the saturation magnet (M) (point A). When the magnetic field H
is reduced, the magnetic flux density is also reduced, with the magnetic flux density
decreasing along the curve from point A to point B. which clearly shows that there is
still a pending magnetic flux density, so point B is called remanence (M,). And when

the direction (opposite negative) changes and the magnitude of the magnetic field H



increases, the density of magnetic flux B decreases from point B to point C by this
point called coercivity force (H.) which is the negative value of the magnetic field of a
magnetic material. If a magnetic material has a high coercivity (wide loop), it is classified
as a hard magnetic material, and if a magnetic material has a low coercivity (narrow
loop), it is classified as a soft magnetic material. If the magnitude of the magnetic field
(H) continues to increase from point C to point D, saturation magnetization (M) is the
saturation point. In the opposite direction, with negative values. The magnetic field H
is then reduced along the DE curve, and the remanence value (M,) at E, and then
increased in the positive direction. H in the positive direction of the EF curve, there
will be a coercivity force (H.) at point F. However, if the magnetic field H continues to
increase, it will return to saturation point A again. The change of B-H curves is called

the hysteresis loop (Kramer et al., 2012)
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Figure 2.1 Induction hysteresis loop. (Jha et al., 2015)

The hysteresis loops are graphs indicating the magnetic properties of each
magnetic material or the energy storage capacity of the magnetic material (maximum

energy product; (BH)ma. That quantity can be obtained from the area under the graph



in the 2"¥ quarantine. If the area under the graph in the second quarantine is large,

then the greater the accumulated energy in the magnetic material, is known.

2.3  Classification of magnetic materials

All magnetic materials can be classified as a function of their response to an

external magnetic field as in figure 2.2.

Saturation Magnetizations (Ms)

Figure 2.2 shows the external magnetic field response of various magnetic materials.

2.3.1 Diamagnetic materials

Diamagnetic materials are magnetic materials with weak magnetic
properties (with very little strength compared with other magnets) as shown figure 2.3.
Because diamagnetic materials exhibit magnetic value in the opposite direction to a
magnetic field, their volume susceptibility (m) value is very low, around -10°. The
magnetic moment arrangement of diamagnetic is aligned in the opposite direction of
the external magnetic field, which the correlation with the electron orbital around the
atomic nucleus has incurred a loss of balance, resulting in a magnet in the negative
direction. Therefore, the magnetic properties can occur in all magnetic materials, which
the observations in materials with atoms that have only complete pairs of electrons,

such as inert gases (He, Ne, Ar), H,, N, etc.
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H

Figure 2.3 schematic diagram of direction of diamagnetic materials.

2.3.2 Paramagnetic materials

Paramagnetic materials are magnetic materials with a slight positive magnetic
moment in each atom. There is very little interaction as shown in figure 2.4. The
magnetic moment is not in arrangement thus the magnetic moment is in balance. For
this reason, some magnetic moments offset each other. When the external magnetic
field enters, the magnetic moment tries to align itself in the same direction as the
magnetic field but will be the arrangement alignment takes place only a little.
However, even though an external magnetic field is inserted, if in a state of high
temperature, it will cause the magnetic moment to return to the same disordered
arrangement due to the magnetic moment interaction of the paramagnetic material
being small in the range of 10°-102, such as Al (2.07x107), Cr (3.13x10™) and Zr
(1.09x10) etc.

Figure 2.4 schematic diagram of direction of paramagnetic materials.
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2.3.3 Ferromagnetic materials

Ferromagnetic materials are magnetic materials that have very high interactions
between the magnetic moments of each atom, which is called the magnetic domain.
When there is an external magnetic field, the magnetic moment is a result of an
arrangement in a direction parallel to the magnetic field and continues to maintain its
magnetic hold as shown in figure 2.5. even without a magnetic field to act upon.
However, the magnetic properties of ferro are inversely proportional to the
temperature. When the temperature is higher, the magnetic ferro will be reduced. Due
to the thermal energy, as a result, the magnetic moment is disordered. The
ferromagnetic materials are considered to have the strongest magnetic properties
when compared with other magnetic materials, which have a very high response value

between 10%-10°.

H

/7701 B

Figure 2.5 schematic diagram of direction of ferromagnetic materials.

2.3.4 Anti-ferromagnetic materials

Anti-ferromagnetic materials are magnetic materials with the magnetic
moments of atoms arranged in an ordered manner. The magnetic moments of the
atoms nearby are opposite as shown in figure 2.6. which causes the magnetic states to
offset each other. So, antiferromagnetic magnetic materials are similar to paramagnetic
materials. However, when considering the arrangement of the magnetic moment, you
will find that there is a clear difference in that the paramagnetic material has a
disordered arrangement. Therefore, when the external magnetic field H enters the

magnetic moment of the magnetic material, the antiferromagnetic tries to align in the
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direction of the H magnetic field, but the opposite alignment energy is very high. Thus,

the arrangement of most magnetic moments follows a slight magnetic field.

8381

Figure 2.6 schematic diagram of direction of anti-ferromagnetic materials.

2.3.5 Ferrimagnetic materials

Ferrimagnetic materials are magnetic materials with properties similar to both
ferromagnetic materials and antiferromagnetic materials. The ferromagnetic materials
consisted of atoms of more than one element or ion. So, the magnetic moments of
each atom are not the same. As a result, the offset is not equal to zero, causing the
magnetic moment and the response to the magnetic field to produce a very positive
value as shown in figure 2.7. Most ferromagnetic materials have dielectric properties.

(qU3A Aillagquns., 2558)

838!

Figure 2.7 schematic diagram of direction of ferrimagnetic materials.
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2.4 Magnetic domain

The magnetic domains are areas where the magnetic moments of the atoms
point in the same direction throughout the area. The point out that a material, such
as ferromagnetic materials, contains a large number of magnetic moments. the
magnetic domains are in a saturated magnetic state, each magnetic domain is divided
by a domain boundary, also called a domain wall, shown in figure 2.8. The interior of
the domain has the direction of the magnetic state gradually modified as in figure
2.8(b) However, each magnetic domain is most stable when its total energy is lowest.
The domain shape depends on the sum of the four energy types as follows: 1)
exchange energy, 2) magnetostatic energy, 3) magneto-crystalline anisotropy energy,

and 4) magnetoelastic energy are the four types of energy. (Nicola et al., 2011)
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Figure 2.8 (a) schematic depiction of domain wall and (b) gradual change in dipole

orientation across a domain wall. (S5gn4® Wa9u¥a., 2015)

When an external magnetic field is applied to a magnetic material, the balance
is upset. Consequently, the total energy of the system is unbalanced. This causes the
domains to rearrange to achieve balance. Therefore, this process with the change of
energy is referred to as the magnetization process.

The magnetization process is a process through which the ferromagnetic
material is subjected to complete monetization. It is the process of producing
permanent magnets and the study of changes in the magnetic domain when exposed

to an external magnetic field. This magnetization process consists of two parts: domain
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wall motion and domain rotation. When the two parts are mixed together, the change
in magnetization at each step can be explained by the magnetization curve as a figure
2.9. Initially, the magnetic materials were in a demagnetized state in which the sum
of the magnetization of each domain was completely offset, making its net value equal
to zero. When a magnetic field is inserted, the domain wall begins to shift slightly, but
does not fall from the barrier. Hence, the initial M-H curve will have a very small
slope. If the increasing magnitude of the magnetic field steadily increases until it falls
out of the barrier, the walls of the domain move rapidly. Domain walls in motion

whose domains are directed upwards and to the right have more power than other

domains.
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Figure 2.9 The magnetization process at each step is compared with the magnetization

curve. (F5enayd Wauza., 2015)

Finally, the domain changes are diminished accordingly until no change occurs.
This point is called saturation magnetic flux density (B,). When reducing the size of the
magnetic field to zero, the M-H curves are reduced, but they do not follow the original
path due to the residual magnetic within the magnetic materials. The investigation of
the magnetic domain can be done using various techniques. Here we would like to
briefly explain the principles of inspection by the magnetic force microscope (MFM)
technique. It is a way to observe the magnetic domain with a magnetic force

microscope using a sharp needle coated with magnetic material. The needle moves
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along with the sample surface. The needle is subjected to magnetic force from the
magnetic domain region. The MFM is a very high-resolution technique that can detect

magnetic domains and some tiny magnetic nanoparticles.

2.5 LTP-MnBi compound

Many permanent magnetic materials were discovered in the last century. those
magnets have been established and developed techniques to effectively production.
The design of the apparatus using such magnets several active and inactive utilization
makes the most of it. The energy product (BH), .., is the main factor of the permanent
magnets has been heightened, beginning from the steel provide the energy product
about 1 MGOe which it has detected the first part, rising to about 56 MGOe for
neodymium-iron-boron magnets during the previous ten to fifteen years show in figure
2.10. For this reason, the neodymium-iron-boron phase have high energy product

enough for can be the produce in a commercially. (Mohapatra et al., 2018)
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Figure 2.10 The energy density (BH)ax at room temperature of hard magnetic materials
increased during the twentieth century, as did the introduction of new materials with

comparable energy density. (Abdelbasir et al., 2019).
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Permanent magnets can be used in many technological applications such as e-
mobility, wind turbines and motor etc. The most of permanent magnets can applied
to the motro/generator in a hybrid electric vehicle which this appcation is grow
between 10-20 million in 2018 and the current are increase grow about 850 million
vehicle are hybrids worldwide. the neodymium-iron-boron (NdFeB) this is the rare
earth element, it is the difficult to be used at high temperature due to the
magnetization reversal of the NdFeB at high temperature as demonstrate that in figure
2.11. However, if we want to use its at high temp and enough tempareture stability,
we have to add another rare earth element, this is Dysposium (Dy) for the coating of
grain boundary diffusion process but Dy more difficult to find in the nature than the
Nd, Another problem of the rare earth element is crisis scarce in the global.

However, according to in a 2011, the report of Department of Energy US, the
composition of rare elements, esspecially Nd and Sm which are rare earth elements
in a supply crisis hav tend to increase. And in order to avoid this critical problem, it is
imperative to find alternative permanent magnets free of rare earth elements.
Challenging many group of researcher to pay attention to this problem. Hence, we can

not longer use rare earth based permanent magnets in the future.
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Figure 2.11 Show the magnetic properties of rare earth elements with a high-

performance device compared to the temperature. (Gutfleisch et al., 2011)
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However, we are look to avoid utilization those rare earth materials and the
find to the alternative materials such as rare earth free permanent magnets. In previous
mention, in this research focusing on the MnBi based permanent magnets composite
with Cobalt for increase the magnetic properties which as a show magnetic diagram in

figure 2.12.
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Figure 2.12 The magnetic properties of rare earth elements compared with MnBi.

(Antonov et al., 2020)

Rare earth permanent magnetic materials, such as Nd-Fe-B and Dy., have high
magnetic properties at room temperature and can be widely used to produce high
performance magnets for a variety of applications, including electric vehicles (electric
bikes and electric bicycles, electric cars and hybrid cars, electric trains, electric planes,
and electric buses, etc.), renewable energy sources (wind turbines, hydropower,
photovoltaic, etc.), and future refrigerators (high performance refrigerators). (Cui et al,,
2014). However, rare earth permanent magnetic materials have some disadvantages,
such as the reduction of the low energy product (BH),,., with high temperature, poor
corrosion resistance, and low curie temperature. The current state of the art of rare
earth permanent magnets encounters the supply crisis, as shown in figure 2.13. As a

result, rare earth free permanent magnets become appealing.(Bingbing et al., 2018).
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Figure 2.13 Critically matrix of permanent magnetic materials (Voncken et al., 2016).

Manganese bitmus (MnBi) was first detected as a permanent magnet by Adams'
team, synthesized by thermal compression at 700 °C under a helium atmosphere for
5 hr. The furnace rotates at approximately 20 rpm, then cools down at 65 °C/h to
440 °C, stops spinning, and holds for 16 hrs. Subsequently, it cools down to 320 °C at
40 °C/h. At this temperature, the furnace is rotated 180° so that the semi-solid
substance is at the top of the crucible. causing excess bismuth to drop to the bottom
of the crucible. In this condition, it will hold for 8 hours and finally cool down to room
temperature. The research team then grinded and separated the MnBi magnetic
material by using a magnetic separator process as shown in figure 2.14, together with
the formed MnBi magnetic material using low pressure (up to 3000 psi). Under the
magnetic field to align the magnetic domains in the same direction, it was found that
the coercivity value (H.) was 3.4 kOe, the maximum energy yield (BH) max was 4.3
MGQe, and the flux density was 4.3 MGOe. The residual magnetism (Br) is 4.3 kG.
(Adams et al., 1952).
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Figure 2.14 A simulation of the magnetic separator process. (Adams et al., 1952).

MnBi has a glinting alternative to permanent magnetic materials due to its
increase in coercivity with temperature, high curie temperature, high magneto
crystalline anisotropy and promising hard phase materials for nanocomposite. (Cui et
al,, 2014). Moreover, it is challenging to synthesize MnBi because of the peritectic
reaction between Mn and Bi. In addition, Mn reacts rapidly with oxygen. Thus, it is very
difficult to obtain single phase MnBi. (Bingbing et al., 2018; Yang et al., 2002)

According to the research report, it is extremely difficult to synthesize LTP-MnBi
magnetic materials for high purity and single domain in a practical manner. Due to the
large difference in melting temperatures of manganese (melting point at 1246 °C) and
bismuth (melting point at 271 °C). As a result, there may be a peritectic reaction
between the two elements. The segregation of Mn is one of the main problems with
the peritectic reactions. Various groups of researchers have invented and developed
various techniques for the synthesis of high purity LTP-MnBi magnetic materials to
increase their magnetic properties. There are many techniques that are regularly used
in general, such as induction-melting, melt spinning, chemical methods, sintering, etc.
(Cui et al., 2014).

2.5.1 Properties of LTP-MnBi

In 2014, J Cui et al. report that the development of MnBi magnets using the
basic principles of as an exchange-coupled material, the first factor to focus on is the

preparation of the MnBi compound to the highest purity. The first thing to understand
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is the manganese and bismuth state diagram (Mn-Bi phase diagram) as shown in figure
1.1. It can be seen that the synthesis of MnBi magnets to achieve high purity and phase
one is very difficult Due to the relatively large melting point differences between Mn
(1246 °C) and Bi (271 °C), there are currently a variety of techniques attempting to
provide single-phase, high-purity MnBi magnets, such as induction melting. (Cui et al,,
201 4). Spin Forge (melt-spinning) (Yang et al., 201 1)., chemical process (Shoufa et al.,
2018). and sintering (Borsup et al., 2022; Ngamsomrit et al., 2021). In addition to the
synthesis of MnBi to achieve high purity, The uncomplicated synthesis method and
consideration of the feasibility of industrial production are also areas of interest.

In 2016, Narayan et al. report that the effect of microstructure to enhanced
energy product of MnBi sample. However, the preparation of a single phase of LTP-
MnBi alloy is one of the major challenges due to the segregation of Mn from the
reaction between Mn and Bi that is peritectic. The low-temperature low-energy
efficaciously reduce particles and enhance the coercivity without significant drop in
LTP-MnBi content. The XRD pattern of LTP-MnBi powder after low-temperature low-
energy ball milling for 150 minutes found that the phase up to 96 % wt., result in to
the increase of magnetic performance, the particle size of LTP-MnBi has average of 1-
7 microns which the coercivity up to 12 kOe and the maximum energy product (BH)ax
can able up to 8.4 MGOe whereof the bulk magnetic materials consist of the
orientation uniform nanoscale of approximately 50 nanometer.

In January 2020, V.N. Antonov and V.P. Antropov report that the interaction to
magnet of the hybridization between Mn 3d states and Bi 6p states which the large
spin orbital coupling of Bi. However, the magneto-crystalline anisotropy depend on
the temperatures can be describe taking relation the spin orbit interaction together
with forceful coulomb electron-electron interaction. MnBi magnetic materials has
exhibits a first order of the structural transition between the temperatures of 340 °C
to 355 °C. The synthesized of MnBi magnetic materials via sintering technique have the
mainly because of the segregate of Mn from Mn-Bi interaction below the peritectic

temperature 446 °C. hitherto, the various methods have tried to avoid the segregation.
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Figure 2.15 XRD pattern of LTP-MnBi achive after low temp. low ball milling.(Poudyal
et al., 2016).

MnBi magnetic materials, also known as low temperature manganese bismuth
phase (LTP-MnBi), is a magnetic substance that exhibits ferromagnetic properties at low
temperatures. and exhibits paramagnetic properties at high temperatures. At room
temperature (300 K), it has a hexagonal arrangement, Nickel acenide (NiAs) has a
P63/mmc lattice structure, with lattice parameters a = b = 4.29 A. and ¢ = 6.13 A. At
low temperatures (20 K), MnBi magnets undergo a Cmcm transformation. At
temperatures above 630 K, MnBi undergoes a manganese-bis phase transition. high
temperature mus phase (high-temperature phase MnBi, HTP-MnBi), which has a Pmma
(Cui et al., 201 8) structure. phase shifts in a wide range of temperatures. As shown in
fisure 2.16 from the schematic phase diagram, shows a phase change. Peritectic

reactions and eutectic reactions occur over a range of temperatures as follows: 1. At
temperature 262 °C Liquid-rich Bi <= Bi + MnBi (eutectic reaction), 2. At temperature
340 °C MnBi + Mn <= Mn o5 Bi (eutectic reaction), 3. At temperature 355 °C Liquid-rich
Bi <= Mn, gg Bi (peritectic reaction) and 4. At temperature 446 °C Mn + liquid-rich Bi

< Mn, og Bi (peritectic reaction) (Cui et al., 2014).



22

From the phase diagram above, it is possible to synthesize MnBi at
temperatures above the melting point of Bi (271 °C) but lower than the HTP-MnBi
formation temperature (340 °C). (Borsup et al., 2022) synthesized MnBi magnets by a
vacuum sintering technique at 275 °C, 325 °C, and 375°C. It was found that LTP-MnBi
formation can occur at this temperature range. The research team describes the
mechanism of MnBi formation by the diffusion mechanism and drug interaction
between Bi liquid and Mn particles greater than 100 mm and consisted of numerous
cracks. After sintering at different temperatures, a white band was formed, indicating
the MnBi layer. of the MnBi layer tends to increase with the sintering temperature.
From the experimental results, the diffusion coefficient (D) can be calculated by using
the equation D. = Dyexp (-Ea/KBT). The activation energy (Ea) was 0.45 eV, and the pre-
exponential diffusion coefficient (Dy) was 5.33 x 10° cm?s. (Borsup et al., 2022).

Theoretically, single-phase MnBi magnets can yield a (BH) max as high as 17.7
MGOe (Mohapatra et al,, 2018) at room temperature. While the part of the MnBi
magnetic synthesis experiment to achieve high magnetic efficiency and obtain single
phase particles is very difficult, this is due to the preparation technique and the control
of variables such as the atomic ratio between Mn and Bi, atmospheric pressure during
the synthesis process, and particle size, etc. The chemical process is the one that can
synthesize high purity LTP-MnBi nanoparticles with very good magnetic properties. On
the contrary, the disadvantage of this technique is that when there is a large demand
for LTP-MnBi magnetic material, this is quite difficult. And most importantly, the
chemical process is very costly. and the process is complicated. It requires a lot of
expertise.

2.5.2 Synthesis Techniques for LTP-MnBi

2.5.2.1 Induction melting technique

It is a popular technique for LTP-MnBi magnetic materials because Mn
and Bi are rapidly fused together via an electric arc under an inert gas atmosphere or
a vacuum, as shown in figure 2.16, followed by annealing in vacuum and g¢rinding to
powder. The report of LTP-MnBi magnetic synthesis with this technique found that it
can be to a purity of up to 98 wt.% (Bingbing et al., 2018), but the disadvantage of this
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technique is that it requires many steps to use energy and is time-consuming for the

synthesized.
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Figure 2.16 Induction melting process. (Lopez et al., 2012)

In 2015, Rama Rao et al. conducted a study on how grinding processes affect
particle size, MnBi phase formation, and magnetic properties. It was synthesized by the
arc-melting technique under an argon atmosphere. This was followed by heat
treatment at 300 °C for 24 h in a vacuum. to obtain a low-temperature phase MnBi
magnetic substance. It was then made into powder by jet milling under pressures of
20, 40, 60, and 80 psi. The negative magnetic field (H.) was obtained as high as 1.8 T
at the grinding process under 60 psi, the M value. In the range of 41-51 emu/g, the M,
He, and demagnetizing curves are shown in figure 2.17. From the high-speed grinding
conditions, the powder under different pressures indicates that phase decay occurs.
The smaller the size of the particles, which directly affects the magnetic properties.
When the pressure was increased during the grinding process, the MnBi phase decayed
to the Bi and Mn phases, where the percentage weight of MnBi was reduced from 81%

to 43% as shown in figure 2.18. 80 psi rapidly shrinks particle sizes to about 1 pm.
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Figure 2.17 (a) Coercivity curve (b) M, and H. of MnBi at different jet milling pressures.
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Figure 2.18 MnBi phase weight ratio at various jet milling pressures. (Antonov et al,,

2015)

The following year, in 2016, Narayan Poudyal et al. synthesized LTP-MnBi
magnets by arc-melting followed by heat treatment at 300 °C and crushing the LTP-
MnBi magnetic powder down to approximately 1-7 pm. The low energy ball milling
method produces a degaussing value of up to 12 kOe and when the magnet is formed,
the residual magnetic flux (remanence, Br) is 6 KG. The demagnetization value is up to

6.2 kOe and the maximum energy yield (BH)ay is 8.4 MGOe at room temperature. And

H_ (kOe)

<
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at 127 °C, the demagnetization increased to 16.2 kOe, the residual magnetic flux
(remanence, Br) was 5.3 KG, and the peak energy yield (BH),. Was 6.8 MGOe. The LTP-
MnBi magnets are thermally stable in normal atmospheres at temperatures up to 200
°C. However, the ball milling process results in heat, which tends to decrease the Ms
value (Poudyal et al., 2016)

In 2018, B. Li and colleagues synthesized MnBi magnets (Mns,Biso) by the arc-
melting technique followed by ball annealing and grinding. The prepared magnetic bar
was taken. Annealed at 573 K at different times and ball milling for 2-5 hours showed
that the MnBi particles were significantly smaller in size. After 2 hrs of grinding, the
MnBi particle size was approximately 2 um and after 5 h of grinding, the MnBi particle
size was approximately 1 um. After that, the MnBi magnetic sample was mixed with
epoxy resin and treated. The research team then took the material through various
processes under a magnetic field of 1.8 T. To measure the magnetic properties, it was
found that M, of 55.1 emu/g, H. of 14.1 kOe and M,/M;, of 96.2% were obtained in
2019. Huang et al. prepared the Mn60Bid0 alloy with the same technique. and heated
under an argon atmosphere. After annealing at 535-613 K (262-340 °C) for 6-12 h,
after grinding for 0.5-9 h, the magnetite sample had a H. of 7.11 kOe at 300 K (27 °C).
and H. increased to 21.97 kOe when measured at 500 K (227 °C), as shown in figure
2.19.

——— e —— o 1]

&3
a-w-a—m—uh r.
&
‘.'f s =@ @ 43N 14 8
- 12
=240r r ¥ 3}y
H sk —d—sEN  E WE !.
! L™ o8 3
] - - =
= - = -
= ‘ F1i "
- " M
& 40
1-
iy ok ii
[ ] - i i i i i i . - - - ‘ - - . i ;'
S0 W20 S0 0 W W M o 1 2 3 4 4
Fiehd (kD) Hall @illiag ms (&)

Figure 2.19 (a) Demagnetization curve (b) My and H. values for MnBi ball grinding
function prepared. (Li et al., 2018)
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Y.B. Yang et al, investicated the structure and temperature-dependent
coercivity (H) of MnBi compounds by the arc melting process. It was found that the
lattice parameter (c/a) of MnBi magnets increased with increasing temperature and up
to 1.433 at approximately 600 K and no structural phase change at 633 K. As shown,
Hc tends to increase with temperature, reaching 2.5 T at 540 K and decreasingto 1.8 T
at 610 K, as indicates an increase in Hc. This research indicates that magneto crystalline

anisotropy increases with smaller MnBi size (Yang et al., 2013) shown in figure 2.20.
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Figure 2.20 The relationship between magnetic properties at different temperatures
the thumbnail shows the M-H loop hysteresis of MnBi material ball mill for 3 and 7 h.
(Yang et al., 2013)

2.5.2.2 Melt spinning technique

It is a technique that fuses Mn and Bi first and then injects them onto a
rotating copper wheel that has been cooled to allow for rapid coagulation. This
technique can reduce the segregation of Mn while it is synthesized. As a result, there
is almost no residue of Mn due to the control of a reasonable cooling rate. As a result,
the purity is up to 95 wt.%. The disadvantage of this technique is that the LTP-MnBi
magnetic synthesis is relatively small and difficult enough to be applied at the

industrial level.
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Figure 2.21 Melt-spinning process. (Shizadi, A.A. et al., 2019)

In 2017, Sumin Kim et al. synthesized MnBi magnets by the spin melting
technique. followed by cold compression, annealing, magnetic separation, and grinding
to smaller sizes at different times. The reduction of the MnBi particle size was carried
out using planetary milling and jet milling. By ball milling, the grinding time was 1, 2,
and 2.5 hours. The speed was 150 rpm. and jet milling were performed at a pressure
of 0.34 MPa under a nitrogen atmosphere. The crushed MnBi powder was forged by
650 MPa compression under a 2 T magnetic field. in an argon atmosphere at room

temperature. As shown in figure 2.22, the sample was measured for magnetic

properties.
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Figure 2.22 (a) Coercivity value graph (demagnetizing curve) of crushed MnBi materials;
(b) He, and M (c) (BH)ax of crushed MnBi materials of different particle sizes. (Kim et
al., 2017).
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2.5.2.3 Chemical method

A method for the synthesis of LTP-MnBi magnetic materials is obtained
by obtaining the magnetic properties closest to the theoretical values. The chemical
process is one of the most flexible and versatile methods that can synthesize the
precursor to particles at the nanometer level before mixing, as shown in figure 2.23,
which can generate LTP-MnBi magnetic substances at the nanometer level and have
a very high purity. This results in very good magnetic properties. Using complex
mechanisms for chemical synthesis, such as mechanochemical processes, liquid
chemical processes, and metal redox synthesis, etc. However, because of the chemical
complexity and processes involved, considerable expertise is required in the
manufacture of LTP-MnBi magnetic compounds. In this way, it is quite expensive and
can be obtained in small quantities. Therefore, it is not suitable for commercial
production.

In 2014, Rama Rao et al. reported the synthesis of MnBi magnets with
sizes in the 100-300 nm range by mixing Bi,O; with Mn powder and using Ca as a
catalyst in a mechanistic process (Bi,O; + 2Mn). This process produces a magnetic
substance (+ 3Ca = 2MnBi + 3Ca0). It was grinded using a planetary mill under an argon
atmosphere for 4 h and then annealed in two steps as follows: annealed at 1075 K for
10 min, and then reduced to 575 K was held for 15 hours, then reduced to room
temperature. The samples obtained after curing were washed off with DI water,
ethanol, and acid. The magnetic properties of the samples were then magnetically
aligned at a magnetic field of 80 kOe. MnBi magnets the prepared nanoparticles had a

negative field value (coercivity, Ho) up to 16.3 kOe (Zhang et al., 2015).
0@ — 4

0 .00 §
o 000 /\ /
’ :’:O.Q q
@]
Bi o%e0 ,.t I o:..i‘:o ) l Mn-octahedral
| nanopa Icles .
‘ ‘..3 o. Annealing 1/1‘\*/ i Mn-bipyramidal
o o0 'oo '
o:o:: :. 00. f 4
oo’ N \i

Mn nanoparticles

Figure 2.23 Chemical method. (Liu et al., 2018).
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2.5.2.4 Sintering technique

It is an LTP-MnBi magnetic synthesis technique based on particle
bonding and the diffusion process shown in figure 2.24. The sintering technique can be
classified into four categories as follows: (1) solid state sintering, in that case, the
substance will stay in a solid state throughout the process. (2) Liquid phase sintering:
a substance in a liquid state combined with a substance or mixture in a solid state. (3)
Viscous sintering, the reactive sintering is in liquid form and has a high ratio. This type
of sinter has a surface tension factor relative to its density, shape, and size. And the
last type is transient liquid phase sintering, the start of substances contained in a liquid
state and then to complete the solid state. In which, vacuum sintering techniques are
a simple synthesis process. It has small steps and low power consumption, as shown
in figure 2.24, and is suitable for industrial applications.

In 2002, Yang's research team developed and improved the synthesis
of LTP-MnBi magnets by sintering under an argon atmosphere at 1000 °C for 1-10 h,
then cooling to room temperature, grinding to a powder, followed by magnetic
separation to increase the MnBi phase ratio. Oriented the magnetic domains and
formed a permanent magnet under a magnetic field of 10 kOe in epoxy resin. It was
found that at 127 °C, the LTP-MnBi magnetic substance had a (BH) . of 4.6 MGOe and
a Hc of up to 20 kOe, as shown in the figure 2.25 and at room temperature, (BH)max
was 7.7 MGOe, and Hc was 14 kOe. The development of MnBi magnetic properties
occurred through the synthesis process. The research team pointed out that

synthesizing pure MnBi is quite difficult.
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2009)

It was found that a peritectic reaction between Mn and Bi occurred during the
synthesis. The traditional synthesis process (casting at high temperatures) will result in
the precipitation of Mn from liquid Bi, resulting in partial diffusion of Mn or Bi to
become MnBi. However, the process of obtaining pure MnBi (single phase) is very
challenging. due to a peritectic reaction. The dissociation between MnBi and Bi includes
oxide formation. During the synthesis, Currently, the method of separating the
contaminated phase from MnBi magnets is through magnetic separation. Using this
method, the purity of the synthesized MnBi has been found. It has been reported to
have a purity of up to 90% (Yang et al., 2002).
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Figure 2.25 The demagnetization value of temperature-dependent LTP-MnBi. (Yang
et al., 2002)

In addition, in 2018, Cao and colleagues synthesized LTP-MnBi magnets using
spark plasma sintering (SPS) technique in an argon atmosphere. This was followed by
heat treatment at 673 K for 30 min in a vacuum. After that, fine grinding at 0.5-28 h at
a speed of 200 rpm showed that the proportion of LTP-MnBi was as high as 86.91 wt.%,
Hc was 7.11 kOe, Ms was 26 emu/g, and the (BH),., value is 1.53 MGOe at room
temperature [b5]. However, many research groups are currently trying to find new
techniques to synthesize MnBi magnets with high purity and efficacy. permanent
magnets with theoretical values as close to those used today (Cui et al., 2014).

However, literature reviews revealed that magnetic properties are not as good
as the previously mentioned techniques. Consequently, it is necessary to develop this
technique in order to obtain magnetism performances comparable to other
techniques. The contamination of excess material remaining after the synthesis process
or decreased purity of excessive substitution, particle size, and chemical interactions
such as oxidation on the surface, are the primary factors affecting the magnetic
properties of the preparation using vacuum sintering techniques. For these reasons,
many groups of researchers have tried to investigate the effects and develop this
technique for increasing the magnetic properties of LTP-MnBi magnetic materials. In
the first part, we try to purify the LTP-MnBi magnetic materials by separating the excess
of Bi from the LTP-MnBi magnetic material via the magnetic field [ref.] Due to the Bi

element's diamagnetic materials, reduce particle size using the ball milling method.
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The ball milling method can be divided into seven types: (1) ball mill (2) attrition mill
(3) jet mill (4) vibration mill (5) pendula mill and (6). Muller mill [ref]. In the first case,
it is the material grinding by using the rotary principle of the mill, which has a ball
inside. This type of grinding can be performed both by dry milling and wet milling as
shown in figure 2.26. The attrition mill method is a very fine grinding technique with a
very low distribution of particles. The particle size of this technique is less than 1
micrometer. The Jet mill method is a grinding method based on the principle of
grinding materials in which the materials are moving at a very high speed. In this kind
of grinding, balls are not used. The next case is the vibration mill method. It is a grinding
tool that relies on the vibration of a magnetic bar that is used to grind and the bumps
into the desired material, including the grinding of the material itself. The Pendula
mill method is a dry mill using the hammer head to strike horizontally parallel to the
ground. And the last case is the Muller mill method. It is grinding using a large stone
or steel wheel spinning along a large tray. The weight of the wheel crushed material

to a smaller size.

Figure 2.26 Planetary mill (FRITSCH, PULVERISETTE (P7)).

In 1951, Par M. Charles GUILLAUD, and in 1952, EDMOND ADAMS et al., the
study of a new permanent magnet from manganese bismuth magnetic materials.
Heusler reported the ferromagnetic nature of manganese bismuth in 1904, which was
confirmed by Arrivaut in 1905, and Bekier in 1914 considered information of probable
manganese bismuth phase, which was produced of MnBi at 445 °C by the reaction of

a kind of crystalline form at 597 °C out of the molten alloy shown in figure 3. In 1912,
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Hilpert and Dieckmann also noted the strong ferromagnetic of MnBi alloy at 360-380
°C of curie temperature.

2.5.3 Dilution of LTP-MnBi magnetic materials with third element

The study of the LTP-MnBi magnetic preparation was carried out by the arc-
melting technique, followed by annealing and ball milling, and then doped with the
third element such as NdFeB, Al, and Cu, etc., and found that the change in the
proportion of LTP-MnBi particles was small. Meanwhile, the magnetic interaction
between Mn atoms in the crystal structure of Mn atoms inserted into a crystal structure
(interstitial Mn) has a tendency to decrease. The report on the addition of a third
element into LTP-MnBi powders discovered that doping LTP-MnBi with rare earth
elements results in improved thermal stability. The results also found that the dilution
with C, Fe, Ni, B, Hf, Tb, and Sm elements into a LTP-MnBi powder prepared by the
melt-spinning technique, the corecivity value has a tendency to decrease, but the
ignored doping with Hf element makes the coercivity value increase. The application
of LTP-MnBi magnetic materials may not be suitable due to the relatively low energy
product value and problems with environmental degradation resistance. Therefore,
the challenge for researchers in many groups is to develop LTP-MnBi particles that are
more effective, which makes them suitable for applications in a wide variety of
conditions. In the future, they may use MnBi magnetic materials as a component, which
has adopted the magnetic exchange coupling principles as a guideline for the
development of magnetic material composites. It is a technique for preparing a suitable
combination of two magnetic materials, where the first is a material called soft
magnetic materials. It is a magnetic material that easily induces and demagnetizes in a
magnetic state and shows that the M-H curves have a small loop with a low coercivity
value. As shown in figure 2.27, the second type of magnetic material that is difficult to
induce magnetism or demagnetization has a relatively high coercivity and remanence

value. (Uszgs dadsgndna., 2020)
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Figure 2.27 M-H curves of soft and hard magnet. (Martone et al,, (2017).

The combination of hard magnetic materials and soft magnetic materials results
in higher energy yields. It is understood that hard magnetic phase materials can
coercivity value increase and soft magnetic phase materials can increase the
magnetization. This combination is called a soft and hard magnetic composite or

exchange magnet, as shown in figure 2.28.

3) (2)

g <Y

— Soft phase

— Hard phase

— Exchange magnet

Figure 2.28 M-H curves of soft and hard phase with exchange coupling magnet. (Sabet

et al., 2018).

The exchange spring concept has the need for the soft phase to be sufficiently
small such that domain walls do not form in it. It is toward magnetic turnaround. There

is the critical thickness for the soft phase, which should be about twofold the width
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of domain walls in the hard phase. The smaller the hard phase, the larger the volume
fraction of the soft phase, and thus the larger the magnetization and the energy

product.
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Figure 2.29 Magnetic exchange spring: hard phase stiffness response of soft high -

magnetization phase in magnetic nano-composite. (Li et al., 2017)

The magnetic materials are classified as soft magnetic materials such as Fe, Ni,
Si, AL, and Co, etc. According to the study, when MnBi magnetic materials are mixed
with a soft magnetic phase like cobalt, which among the various soft magnetic
materials, Cobalt is an excellent material for improving the magnetic properties of
MnBi. According to a research paper on composite magnetic materials, MnBi/Co is a
permanent magnetic material with a higher (BH),s than LTP-MnBi (Nguyen et al., 2017).
the energy product increases with the compared MnBi particles. However, the
development of synthetic materials on the nanoscale and research studies are still
needed to obtain appropriate methods and proportions. There will be a magnetic
interaction between the hard-magnetic phase and the soft magnetic phase in order to
obtain the theoretical (BH), ., value.

The magnetic materials have been developed until now for the commercial
field. The permanent magnet was made from neodymium, which is the rare earth
element. It is known that the neodymium magnet is difficult to use at high

temperatures. However, if we want to use it at a high temperature, we must add
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another rare earth element. This is dysprosium to reduce the magnetization reversal
of the grain boundary diffusion process by the coating, but dysprosium is more difficult
to find in nature than neodymium (inserted in figure 2.30) due to a report that the
large mines in China found that the excavation Dy has very low content (Gutfleisch et
al., 2011). When it comes to applications for permanent magnetic materials, it can be
used in electric machines that require a high saturation magnetization and a low
coercivity value. Most of the soft magnetic materials have a coercivity value of lower
than 1 kA/m and the hard-magnetic materials have a coercivity value of up to about

2800 kA/m as shown in figure 2.30.
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Figure 2.30 Intrinsic coercivity versus polarization of soft and hard magnetic materials.

A closer look at high energy density NdFeB-type magnets is shown in the inset.
(Gutfleisch et al., 2011).

2.5.4 Relation between oxide content and MnBi properties

The synthesis of MnBi magnets depends on many factors to achieve high
magnetic efficiency. And since the large melting points between Mn and Bi are 1519 K
and 544 K, respectively, the manganese-bismuth phase diagram (Mn-Bi phase diagram)

has to be studied. There is also a eutectic reaction at 535 K. This reaction has a rather
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limited high temperature. Although this eutectic temperature is approximately 473 K
higher than the required temperature, it is a relatively low temperature. In practice,
large quantities of Bi-containing sample powder are used for typical high-volume
magnetic synthesis methods, such as sintering and thermal compression. As a result of
the peritectic reaction, when the magnetic synthesis temperature of MnBi is higher
than the eutectic temperature of 535 K, part of the MnBi is converted to an excess of
Bi liquid. It may react with the Mn atoms in the liquid, resulting in manganese oxide
(MnO) forming. Even in the lower temperature hydrogen atmosphere, MnO can revert
to Mn metal. 535K (Antonov et al., 2020). It has been shown that MnBi compounds are
sensitive to oxygen and temperature. Oxygen is one of the variables causing the decay
of the MnBi phase at temperatures above 473 K. When MnBi decays, the remaining Mn
reacts with oxygen to form MnO, resulting in a loss of magnetic properties. Conversely,
if the synthesis temperature is above or below 473 K, MnBi is stable. As observed from
the Mn-Bi phase diagram, in addition, if the MnBi magnetic synthesis process can
control the oxygen content, it will stabilize the magnetic substance up to 473 K. (Cui
et al,, 2014)

J. Cao et al. MnBi was synthesized by the spark plasma sintering technique
under an argon atmosphere. followed by annealing at 673 K for 30 min, and finally
ground to powder. When the magnetic properties were measured, it was found that
the suitable samples The coercivity (HJ) was 7.11 kOe, the residual magnetism
(remanence, M,) was 26.0 emu/g, and the maximum energy product (BH) .« was 1.53
MGOe at room temperature. When X-ray diffraction was analyzed, it was found that
the synthesized MnBi sample consisted of four components: LTP-MnBi, Bi, Mn, and
MnO. (Cao et al,, 2014)

The study of the crystal structure by the X-ray diffraction (XRD) technique can
be calculated from the Rietveld refinement method and compared with the
experimental results of the MnBi magnetic material. It is found that the magnetic
material contains the LTP-MnBi, Bi, and Mn phases. A small amount of the MnO phase
was also found. As shown in figure 2.31(a), and from figure 2.31(b), it is clear that the
phase content of LTP-MnBi magnetic material with increasing grinding time resulted in

a significant decrease in LTP-MnBi phase content. Importantly, while the phase content
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of Bi and MnO has been directed towards increasing, it is known that the Mn phase
and Mn atoms in LTP-MnBi magnetic materials are easily oxidized and form MnO. It is
an inevitable variable in ball milling and sintering processes. In general, the Bi and Mn
phases are left over from the forming and decomposition reactions of the LTP-MnBi
phases. It is a non-magnetic phase, so if residual in a large quantity of LTP-MnBi

magnetic material, it will directly affect its magnetic properties.
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Figure 2.31 (a) XRD analysis of MngBisg material (b) The phase ratio under different

preparation conditions. (Cao et al., 2018)

Figure 2.32(a) and (b) are the M-H curves and magnetic properties of MnBi
magnetic materials measured at room temperature, respectively. It can be seen that
the SPSa magnetic material has a magnetic saturation value (M) of 69.5 emu/g. under
a magnetic field strength of 8.5 T. Moreover, it was found that in this study, the MnBi
magnetic material was prepared using the SPS technique. The LTP-MnBi content was
as high as 86.19% %wt. Considering the magnetic properties of the SPS0.5 sample, the
residual magnetic saturation (M,) was 26.0 emu/g, the demagnetization value (H.) was
7.11 kOe, and the maximum energy yield (BH),., was 1.53 MGOe, while the SPS2
sample had a residual magnetic saturation (M,) of 22.7 emu/g, the demagnetization
value (Ho) is 9.52 kOe, and the maximum energy yield (BH) .y is 0.90 MGOe. It is known
that reducing the MnBi magnetic particle size will provide a higher magnetic efficiency.
maximum but on the other hand, grinding too long may deteriorate the magnetic
properties. It can be seen from figure 2.33(a) that the M-H curves of the second

quadrant SPS2 magnetic material are distorted from the loop curve. indicated that the
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volume-MnBi The (BH),..x and H. values tended to decrease after more than 0.5 h of
grinding, possibly due to phase decay. LTP-MnBi to Bi and Mn phases during the MnBi
particle size reduction process by the ball milling method. (Cao et al., 2018).
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Figure 2.32 M-H curves (a) Magnetic properties (b) MnBi magnetic material (BH) .y at
300 K. (Cao et al., 2018).

From the literature review in this section, it was found that the MnBi material
synthesis process, particle size, and oxide content have been studied by many research
groups, and that these factors greatly affect the properties of MnBi materials. Most of
the finished MnBi materials are taken from conventional processes such as arc melting
or melt-spinning. From the report, it can be understood that increasing the process,
especially the erinding, which induces heat into the system, causes the MnBi material
to undergo peritectic transformation. Or oxide formation. What is interesting is that a
review of past research revealed that no studies have been conducted to study the
relationship between the initial Mn particle size and the MnBi properties synthesized
by the sintering method.

2.5.5 MnBi based hard/soft composited magnet

Previous studies have demonstrated that the development high magnetic
performance of MnBi magnetic materials. In order to obtain MnBi intermetallic
compound with high coercivity, hish magnetization and large energy density, a lot
effort has been spent to develop processes to prepare MnBi (Ma et al., 2014) The
theoretical energy product (BH,0 of about 17.6 MGOe is still lower than current

neodymium magnet. This is due to the low saturated magnetization of the MnBi.
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To produce high energy product magnet, MnBi shall be used as a hard phase
material to composite with soft phase magnetic materials such Fe, Co, Sm and Ni.

In 2014, Ma et al. reported the study of the composite between MnBi and Co
Nanowires or Fe nanoflakes. The MnBi powder was prepared by arc-melting, low energy
and then ball mill. Co Nanowires and Fe nanoflakes were prepared by melt spinning.
The obtained MnBi powder particle size was about 0.5-5 pm. MnBi was mixed with Co
Nanowires 0, 5, 10, 15, and 20 wt% and then aligned in a magnetic field of 1.8 T and
pressed under pressure of 200 MPa. After that, the sample was sintered in an argon
atmosphere at 220-300 °C for 30 min. The demagnetization curves at room
temperature of the MnBi composite with Co Nanowires with difference contents are
shown in figure 2.33. The coercivity almost unchanged but the saturated magnetization
slightly increases with the content of Co Nanowires. However, the energy product was

found to decrease with increasing Co Nanowires content.
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Figure 2.33 Demagnetization curves at RT for MnBi/Co NWs magnet with difference Co

NWs contents. (Ma et al., 2014).
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In 2015, Xia Xu et al. reported the magnetic exchange coupled between arc-
melt MnBi with Fe and Co composite. Fe and Co nanoparticles were prepared by
chemical method. The hysteresis loop, XRD pattern and TEM of FE-Co nanoparticle are
shown in figure 2.34. The coercivity value ~410e and the magnetization value ~151

emu/g by particle size between 5-10 nm.
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Figure 2.34 Demagnetization curves MnBi/Co NWs magnet. (Xia et al., 2015).

MnBi powder was mixed with the Fe-Co nanoparticles with two weight ratios
(MnBi/Fe-Co: 95/5 and MnBi/Fe-Co: 90/10 respectively.) composite was ground for 5
min with hexane 20 mL in the glove box. Figure 2.35 shows hysteresis loops of MnBi,
MnBi/Fe-Co (95/5 wt.%) and MnBi/Fe-Co (90/10 wt.%) composite. The saturation
magnetization was found to increase, while the the coercivity was found to decrease,

with the Fe-Co content.
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Figure 2.35 The hysteresis loop of MnBi, MnBi/Fe-Co (95/5 wt.%) and MnBi/Fe-Co

(90/10 wt.%). (Xia et al., 2015).

In 2016, Y.L. Ma et al. studied the MnBi/NdFeB magnetic composite. MnBi alloy
prepared by arc-melting in argon atmosphere. The ingot MnBi was then annealed at
563 K for 20 h, and then crushed to powder. MnBi powder particle size was about 0.5
-5 um. MnBi was mixed with NdFeB (0, 20, 30, 50, 70, and 100 wt. %) and then aligned
in a magnetic field of 1.8 T under pressure of 200 MPa. After that, the samples were
sintered in argon atmosphere at 573 K for 30 min. The coercivity and remanence of

the composite samples increase gradually with increase NdFeB content, as shown in

figure 2.36.
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Figure 2.36 Demagnetization curves MnBi/NdFeB magnet with MnBi content at RT. (Ma
et al,, 2016).
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In 2017, TRUONG XUAN NGUYEN et al. reported the study of MnBi/Co
nanocomposite. Co NWs was synthesized by solvothermal method for at different
temperature for 60 min. The FESEM images of the prepared Co NWs are shown in figure

2.37.

Figure 2.37 The morphology of Co NWs by solvothermal method for 60 min (a) 200°C,

(b) 225°C, (c) 250°C, (d) 260°C. (Truong et al., 2017).

The magnetic properties of Co NWs with difference temperature at 60 min
observing by Hysteresis loop, Which, the synthesis Co NWs by solvothermal method
at low temperature less than ~230 °C is low magnetization (< 80 emu/g), low coercivity
(< 1 kOe) and the high temperature more than is high magnetization (~ 110 emu/g),
coercivity value ~2.6 kOe. demonstrate the good reaction of Co NWs at higher

temperature. show in figure 2.38.
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Figure 2.38 The Hysteresis loop of Co NWs for 60 min at difference tempareture.
(Truong et al., 2017)



CHAPTER Il
RESEARCH METHODOLOGY

This chapter provides detailed information of vacuum sintering system
developed in this work, the experimental procedures to synthesize and characterize

MnBi magnetic materials; and MnBi/Co composites.

3.1 Instrument development for vacuum sintering system

The development of LTP-MnBi magnetic materials synthesis has several
techniques. It is very difficult to synthesize LTP-MnBi particles to obtain high purity and
single phase. One of the challenges in synthesis is that Mn reacts with oxygen rapidly,
which leads to the MnO form as a result of magnetic properties decreasing. Therefore,
this research has designed and built a vacuum sintering system for the avoidance of
oxides that may be formed during the synthesis process. The vacuum sintering system
built into this research was necessary to avoid the existence of oxygen in the system.
It’s using equipment and components that are available in the laboratory of the
synchrotron light research institute. The vacuum sintering system consists of two main
components: the vacuum system and the low temperature effusion cell system, as
shown in figure 3.1. A small cylindrical vacuum chamber, with a diameter of 8 inches
and a length of 16 inches, is connected with a turbomolecular pump (TV 551
NAVIGATOR) with a pumping speed of 500 /s backed by a scroll pump (ISP-250C
model) with a pumping speed of 3.61 l/s. The vacuum pressure is monitored by a
pressure gauge with a cold cathode gauge (Pfeiffer PKR251 Compact FullRange™). The
vacuum pressure of 2x10® mbar could be achieved after 24 hours of pumping without
baking. The low-temperature effusion cell used in this work is a low-temperature
effusion cell (model: NTEZ40-10-22-KS-HL-2118521, by Dr. Eberl MBE-Komponenten
GmbH) effusion cell. A commercial low-temperature effusion cell is installed on the

CF114 3-way cross fitting. This connection is to prevent accidents that may be dropped
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and damage to the turbomolecular pump. The low -temperature effusion cell can be
adjusted to control a range of 80 to 800 °C. The temperature of the cell is controlled
by a EUROTHERM 2408 temperature controller. Finally, the crucible used in this work

is a quartz tube with a capacity of 10 cc.
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Figure 3.1 Photo of the vacuum sintering system with draw of the effusion cell.

(Ngamsomrit et al., 2020)

3.2  Preparation of LTP-MnBi magnetic materials

The preparation of LTP-MnBi particles in this work has been divided into two
parts. The first part, high-purity Mn (99+%, powder -40 mesh (size<420microns)) and Bi
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(99.5%, powder -100 mesh (size<149microns)) powders supplied by ACROS ORGANICS
were used as the raw materials in this work, shown in figure 3.2. Mn was ball milled
using a planetary micro mill for 3 hours and then sieved through a screen to select Mn
powder with a particle size of less than 20 microns. These sieved Mn powders were
mixed with Bi powders in an atomic ratio of 1:1, followed by ball milling via mini mill
for 40 Hertz for 20 minutes to homosgenize, and then sintered in a quartz tube of the
effusion cell. The base pressure of this system was about 2x10® mbar. The
temperature of the effusion cell was gradually increased at a 5 °C/min rate and kept
constant from time to time to maintain the vacuum pressure below 5x10” mbar. It
took about 210 min for the effusion cell to reach a temperature of 275 °C from room
temperature. After reaching 275 °C, the mixture was sintered for different times (3, 6,
12, 24, and 48 hours). Then, the power to the effusion cell was turned off, letting the
cell cool down to room temperature. The sintered samples were crushed and then,

grinded to powder.

" Bismuth, 99.5%, powder, -100

" Manganese, 89+%, powder, -40 [ mesh
mesh | Bismut, 98 5%, Pulver, 100 mesh

Mangan, 98+%, Putver, -40 mesh [
‘ Nitrogen flushed
| Mimgen tused

Code: 317440010 cas 7430055 [ f o= 315095000
| Lot: A0332243 1KG Lot: A0379433
MW=54.94 Mn } MW=208.98 Bi

©) (b)

Figure 3.2 Raw materials of (a) manganese and (b) bismuth.
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Figure 3.3 The procedure for the synthesis of MnBi magnets starts with mixing Mn and

Bi powders.

And second part, the research report discovered that smaller MnBi particle sizes
on the nanometer scale result in increased magnetism efficiency. As a result, the
preparation of the LTP-MnBi magnetic materials in this second section, before the
synthesis will be reduce particles size of Mn for the increase the surface area by using
a planetary micro mill, the rotational speed was 300 rpm and the ball mill time from
3-15 hours as shown in figsure 3.4. Subsequently, the sieve screen of Mn particles with
a grid sieve has 3 ranges: less than 20 microns, 20-53 microns, 53-106 microns, and
more than 106 microns, as shown in figure 3.5. for selected particle size to be similar

and suitable for use in various experimental conditions.

Figure 3.4 Planetary mill process.
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Figure 3.5 Sieve screen process.

The mixing ratio of Mn and Bi powders used in this second part has an atomic
ratio of 1:1, which was calculated from the atomic mass of both elements (Mn: 54.94
g/mol and Bi: 208.98 g/mol). The LTP-MnBi preparation is based on the previous
preparation. In this part, the focus was on the synthesis of manganese-bismuth

magnetic powder at a low temperature state (LTP-MnBi).

3.3  Characterization techniques

In this part, the experiment can be divided into two parts. The first section
focused on grinding of Mn powder for different durations and the second section is to
examine magnetic properties, chemical composition of MnBi. High purity MnBi powder
(99+9%, particle size<420 um) and Bi powder (99.5%, particle size<149 um) supplied by
Acros Organics were used as the raw materials in this work. Mn particles were obtained
using planetary micro mill difference times (3, 7, 11, and 15 hours) and then sieved to
obtain Mn powders (< 20 microns). The Mn with different ball mill times and Bi powder
were mixed with 1:1 atomic ratio and then sintered in a quartz tube on low
temperature effusion cell (Dr. Eberl MBE-Komponenten GmbH, Germany) in ultrahigh

vacuum. The base pressure of the system is about 10® mbar. The temperature of the
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effusion cell was gradually increased with 5 °C/min rate and kept constant from time
to time to maintain the vacuum pressure to be below 5x10” mbar. The specimens
were sintered at 275 °C and hold for 12 hours. These specimens were labelled as MnBi-
M3, MnBi-M7, MnBi-M11 and MnBi-M15 according to the Mn grinding time. After that,
sintered samples were grinded using mini ball milling (Mini mill, FRITSCH,
PULVERISETTE23) at 40 Hz for 20 min and then sieved with Test Sieve, Retsch, ASTM

E11 20 um to obtain the MnBi particles with the size of less than 20 um. XRD (Bruker

D2 PHASER, Cu Kq radiation, (A=1.5406 A)) was used for phase identification. Powder
morphology and elemental compositions were characterized using SEM/EDS (QUANTA
450). The magnetic properties were investicated by using VSM (Quantum Design,
VersalLab) with applied magnetic field of +3T. The elemental composition was
investigated by XPS at Beamline 3.2 of the Synchrotron Light Research Institute,
Thailand.

3.4  Preparation of MnBi by glycine addition conditions

In this section, the experiment was divided into two parts. The first part focused
on the grinding of Mn powder for 3 hours using a planetary mill. The second part
focused on the effect of Mn particle size reduction by adding glycine about 0.5 ¢ to
prevent particle agglomeration Mn particles during the ball milling process for 1 and 3
hours. The high purity Mn powder (99+%, particle size<420 pum) and Bi powder (99.5%,
particle size<149 um) supplied by Acros Organics were used as the raw materials in
this work. The Mn particles obtained for those different methods were mixed with Bi
powder at a 1:1 atomic ratio and then sintered in a quartz tube (60mm (OD) x 52mm
(ID) x 1.2m, 4mm (T)) on low temperature effusion cell (Dr. Eberl MBE-Komponenten
GmbH, Germany) at ultra-high vacuum. The base pressure of the system is about 10
mbar. The temperature of the effusion cell was gradually increased with 5°C/min rate
and kept constant from time to time to maintain the vacuum pressure to be below
107" mbar. The samples were sintered at 275 °C for 12 hours. After that, it was grinded
to powder form using ball milled (Mini mill, FRITSCH, PULVERISETTE23) at 40 Hz for 20
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mins. The phase was identified using XRD technique (Bruker D2 PHASER, Cu Kgq
radiation, (A=1.5406 A)). The morphology powder and elemental compositions were
characterized using SEM/EDS (QUANTA 450). The magnetic properties were investigated
by using VSM (Quantum Design, VersalLab) with applied magnetic field as +3T. The
elemental composition was investigated by XPS at Beamline 3.2, Synchrotron Light

Research Institute.

3.5 Preparation of LTP-MnBi and Co composite

In the past, | worked with students from the University of Mandalay to conduct
research on the composite materials method, which is divided into two parts as
follows: (1) The separation of each element of Mn-Bi-Co composite with an atomic
ratio of 1:1 and (2) The synthesized MnBi first followed by composite Co with 1:1 at%.
Under the second approach, two more parts were separated by sintering and no
sintering (Nguyen et al., 2017) found that MnBi composite with Co demonstrates

coercivity and saturation magnetization more than Mn-Bi-Co as shown in the figure 3.6.
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Figure 3.6 M-H curves of MnBi composite with Co and each element of Mn- Bi-Co

composite with an atomic ratio of 1:1 after sintering in a vacuum at 275 °C for 12 hours.
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The MnBi/Co sample was then synthesized again and divided into the two other
composite tests mentioned above, this demonstrated that the MnBi/Co composite is
not sintered and has a higher coercivity and saturation magnetization. The effect of
the no sintered composite on the energy product (BH)max is 1.139 MGOe, and when
the MnBi/Co sintering in vacuum is considered, the effect is 1.139 MGOe, it is obvious

that the content of LTP-MnBi is decreasing, and that sintering may also cause oxidation.
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Figure 3.7 M-H curves of MnBi composite with Co by vacuum sintering at 275 °C for 12

hours and MnBi ball milling at 300 rpm for 30 minutes with Co (no sintering).

According to the results of the tests, the most efficient method was the
MnBi/Co sample with no sintering form. hence, in preparation about the composite in
this work, we have condition to productions as followed it begins by grinding the Mn
element to a smaller grain size for the increase surface to the contact with Bi
interaction and become to LTP-MnBi form. The Mn grinding time was 3, 7, 11 and 15
hours, and the Mn particles less than 20 um were selected using a sieve. Therefrom,
it was mixed with Bi element in atomic ratio of 1:1 and sintered for 12 hours as

performed in section 3.2, finally, the carry out to the composite between LTP-MnBi
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particles and Cobalt powder in atomic ratio of 1:1 (the atomic mass of Co is 58.93
g/mol)  followed by ball milling to achieve as much homogenous as possible using
planetary micro mill of SLRI with under speed of 300 rpm for 30 minute. Afterwards,
sieve screen of LTP-MnBi/Co composite with selected particles less below 20 um, in
order to contribute to inspect the properties and adjust the magnetic direction of LTP-

MnBi/Co particles in under a magnetic field of 0.5 T next.

3.6 Preparation of MnBi magnetic materials alignment

The composite was formed according to various conditions of LTP-MnBi-Co and
the selected particles were sieved to a particle size of less than 20 um and then mixed
with epoxy resin in a ratio of 1:0.05 g. Next, the LTP-MnBi-Co specimen is placed on
top of the magnetic rods as shown in figure 3.8 to arrange the magnet under the
magnetic field of 0.5 T for 24 hours. The goal of this section of the experiment was to

investigate the magnetic domain arrangement of LTP-MnBi and LTP-MnBi/Co magnetic

materials.
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Figure 3.8 MnBi powder placement on bar magnets with a magnetic field of 0.5 T.
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Table 3.1 List of the values of the parameter’s studies in this work.

Parameter of the study Conditions
Temperature 275 °C
Particle size (before sintering) Avg. 1-5, 5-10 and 10-20 pm
Particle size (after sintered) <20pum and 20-53um
Pressure 10®,10? mbar and ambient
Ratio of raw materials (Mn and Bi) 1:1, 1.5:1, 2:1, 4:1
Grade materials Laboratory

3.7 Characterization of MnBi magnetic materials

3.7.1 X-ray diffractometry (XRD)

X-ray Diffraction (XRD) is a fundamental technique that can be used for phase
identification of crystalline materials and can provide information on the dimensions
of the unit cell. The X-rays are produced using the cathode ray tube and are based on
the diffraction of X-ray radiation. These X-ray beams will be filtered to provide a
monochromatic radiation form and directed toward the object. When the electron
beam incident on an object, the reflected beam is refracted at an angle equal to the
incident angle. In other words, the interaction between the incident beam and the
object generated the constructive interference and the diffracted radiation as shown
in figure 3.9. From the XRD measurement results, it is possible to analyze and identify
each element type, as each element has its own unique crystal structure pattern, and
the distance between the planes of the atoms arranged is also different. This is the

same as the fingerprint of different elements. As shown in figure 3.9.
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Figure 3.9 Bragg's law of diffraction condition depicted as lattice planes. (Kot et al,,

2014).

The XRD patterns were analyzed based on the Bragg’s law, given as the

following
nA = 2dsin O

where: n is the order diffraction, A is wavelength of X-ray source, d is lattice
spacing between crystal planes and 0 is the diffraction of angle incident and diffraction
beam. Scanning the sample through range of 20 angles to diffraction directions of the
lattice.

In this study, the structure of MnBi particles and the MnBi/Co composite were
investigated by X-ray diffractometer (Bruker D2 PHASER) using X-ray source with Cu Kg
radiation (A = 0.15406 nm). This condition is the step size of 0.02 degree and step
times of 0.4 were used to report the XRD patterns in the 28 of 20°- 60°. The crystalline
material has been identified using XRD patterns with the database examined by the
Joint Committee for Powder Diffraction Standards (JCPDS) organization.

The phase identification was investigated by using the XRD technique (Cu
Kq radiation (A= 1.54056 A), Bruker D2 PHASER) at The Center for Scientific and
Technological Equipment, Suranaree University of Technology, as seen in figure 3.10.

The XRD-D2 used angle incident 2-thata scans range between 20-60 degrees for LTP-



56

MnBi powder and LTP-MnBi/Co composite powder with a step size of 0.02 degrees,
a step time of 0.5 and x-ray diffraction pattern results. The peak intensity standard

from JCPDS files.

(@ (b)

Figure 3.10 (a) Sample placement for XRD measurements and (b) sample holder.

3.7.2. Scanning electron microscope and energy dispersive Spectroscopic
(SEM&EDS)

Scanning electron microscopy (SEM) is an advanced technique for
characterization, the morphology, and analysis of materials. This technique makes use
of electron beams to focus on the specimen and can generate high-resolution images
of objects. The electron beam is produced from the electron gun due to thermionic
emission under vacuum and the motion of the anode towards the magnetic lens in
the vertical direction. The magnet lens has controlled the size to reduce the increased
intensity of the electron beam. The electron beam travels downward through the
objective lens, which is responsible for adjusting the electron beam to have a focal
point on the surface of the object with support by the scanning coil as shown in figure

3.11.(Kannan et al. 2017)
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Figure 3.11 The fundamental diagram of a scanning electron microscope (SEM).

(https://www.pi-usa.us/)

When the incident electron beam interacts with the specimen, it will emit
multiple signals because of the electric charge it interacts with the arriving electrons.
The secondary electron image (sei) is a low energy electron that occurred on the
surface about 10 nm below the surface and provides surface characterization. The
outcome of the secondary electron is producing the backscattered electron, which
electrons have some energy loss to the atom in the specimen and the scattering back
out. The scattered electron has a higher energy than the secondary electron and
happens on the surface deeper than 10 nm. The X-ray radiation excites the
electromagnetic waves produced by the electron at different levels, causing the atom

to maintain equilibrium with the electron orbital energy level higher than would be
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replaced. Excess energy is released in the form of electromagnetic waves (auger
electron). These electromagnetic waves have a specific wavelength of each element

and can be the analyzed element. (Kalsoom et al., 2018)
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Figure 3.12 The interaction area of the electron beam and the signal emitted from the

specimen. (Akhtar et al., 2018).

The morphology and chemical composition of LTP-MnBi and LTP-MnBi/Co
particles were observed by SEM/EDS (FEI, QUANTA 450) at the Synchrotron Light
Research Institute as shown in figure 3.13. From these measurements, the image of the
particles can be obtained by the interactions between manganese, bismuth, and cobalt
after sintered. Energy dispersive spectroscopy uses X-ray beam stimulation of the atom

to generate the emission. The energy is a special characteristic of each element.
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Figure 3.13 (a) Display during measurement of physical characteristics and chemical

composition at various locations and (b) Sample positioning within the SEM machine.

3.7.3 Vibrating sample magnetometer (VSM)

The VSM is a measurement instrument that uses the vibrating principle of
samples to study the properties of magnetic materials. Simon Foner invented it at the
MIT Lincoln Laboratory in 1955, and it was officially published in 1956 with an
adaptation of the concept from D.O. Smith's vibrating-coil technique. The principle of
the VSM technique is to measure the magnetic moment of a substance. Samples that
vibrate perpendicular to a uniform magnetic field by VSM are classified as inductive
magnetic measurement techniques. Based on Faraday's Law of induction, the VSM
operates by placing the sample in a uniform magnetic field generated by an
electromagnet. An electromagnet is connected to the power supply. A magnetic
sample is magnetized by an applied magnetic field. Arrange the magnetic domains in
the substance. This means that the magnetic polarity of a substance creates its own
magnetic field. Subsequently, vibrating the sample in an up down or perpendicular
direction to the applied magnetic field induces and generates an electromotive force.
electromotive force (emf)) in the detection coils according to Faraday's law of
inductance. Then this electromotive force will be measured. Noise is detected and
eliminated using a lock-in amplifier, where the emf is directly proportional to the
magnetite value. Magnetization of the sample It will show results in the form of loop

hysteresis.
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The magnetization value and the external magnetic field. (M-H hysteresis loop).
The vibrating sample magnetometer depends on the sensing of the electromagnetic

force induced in the coil of wire as the following equation.

d
€= —N I (BAcosb)

Where is the number of rounds wire in the coil
is the coil turn area

is the magnetic induction

O ® > =

is the angle between the magnetic induction (B) and the
normal direction to the surface of coil

In actual, we are knowledge about the coil parameter as N and A is inessential
if the system can be calibrating with well-known specimen.

The vibrating component alters magnetic flux, which creates an electric field
within a coil. This electric field can be measured and can provide insight into the
changing of the magnetic field. When a sample is placed in a uniform magnetic field,
magnetization is induced in the sample, causing it to vibrate sinusoidally. The magnet
is enabled first, then the assay is initiated. Hence, if the sample is magnetic material, it
will change into higher than the magnetic field is produced. The magnetic field has
occurred around the specimen and when the vibration is initiated, the material
magnetization can be examined and analyzed as a change takes place in correlation

to the time of motion.
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Figure 3.14 A simplified diagram showing the components of the VSM and an inductive
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probe region diagram consisting of a sensing coil Sampling and sampling bars under an

external magnetic field. (Huang et al., 2015; Rafique et al., 2015).
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In this research, the study of the magnetic properties of MnBi, MnBi/Co, and Co
particles at room temperature. The prepared sample with an average weight of about
0.0700-0.0800 ¢ was put into the sample holder, The configuration of VSM
measurement of the set magnetic field at 200 Oe/sec and up to + 3 T.

The magnetic performances of the powder were measured using a vibrating
sample magnetometer (Quantum Design, VersaLab) at the Institute of Nanomaterials
Research and Innovation for Energy (IN-RIE), Faculty of Science, Khon Kaen University.

The magnetic properties of the powder were measured using a vibrating sample
magnetometer (Quantum Design, Versalab) at the Institute of Nanomaterials Research
and Innovation for Energy (IN-RIE), Faculty of Science, Khon Kaen University, as shown
in figure 3.15. The vibrating sample magnetometer (VSM) instrument is a fast and
sensitive DC magnetometer by oscillating the sample near a detection coil and
synchronously detecting the voltage induced by the compact gradiometer pickup coil
configuration. With a temperature range of 50-400 K, the oscillation amplitude is large
(1-3 mm), and the frequency is 40 Hz.

In this work, the study of the magnetic properties of MnBi, MnBi/Co, and Co
particles at room temperature is presented. The configuration of VSM measurement of
the set magnetic field at 200 Oe/sec and up to + 3 T. The prepared sample with an
average weight of about 0.0700-0.0800 ¢ was put into the sample holder.
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Figure 3.15 Indicates the position of the sample measurement within the VSM.

3.7.4 BL3.2Ua: Photoemission Spectroscopy (PES)

Figure 16 depicts the beamline 3 (BL3), which consists of two branch lines for
the PEEM (Photoelectron Emission Spectroscopy) and PES (Photoemission
Spectroscopy) experimental stations at the Synchrotron Light Research Institute,
Thailand. Electrons are generated by a thermionic electron gun and then accelerated
in the linear accelerator by a 2,856 MHz high power microwave (LINAC). The LINAC is
used to create a 40 MeV electron accelerator and transport it to the booster
synchrotron, where it is accelerated to 1.2 GeV. (Pairsuwan et al., 2007; Songsiriritthigul
et al,, 2010). This thesis was measured at the BL3.2Ua beamline. The BL3.2Ua employs
a plane gratin monochromator with variable line spacing and was designed to detect
photon energies ranging from 40-160 to 220-1040 eV, as well as synchrotron light from
an undulator. (Nakajima et al., 2013; Songsiriritthigul et al., 2001).
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Figure 3.16 The optical layout of the BL3 beamline. (Songsiriritthigul et al., 2007).

3.7.4.1 X-ray Photoemission Spectroscopy (XPS)

X-ray Photoemission Spectroscopy (XPS) is a technique that can be
analyzed both quantitatively and qualitatively and can provide information about the
chemical properties on the surface of materials such as chemical structure, chemical
bonding, atomic oxidation state, and number of the element etc. The XPS technique
is known as Electron Spectroscopy for Chemical Analysis (ESCA), which uses light
energy in the soft X-ray to stimulate photo electrons as shown in figure 3.17.
Photoelectron angles, electron spin characteristics, and energy are all obtained from
XPS measurements. The focus is on the analysis of the core electron bonding energy
because the atomic binding energy is a specific energy. It can identify the type of
element and the chemical state of each element that constitutes the surface area.
This technique is based on the conservation principle of energy in which the electron
is stimulated out of the atom by light energy (hV) as shown in figure 3.17. These
electrons are measured for kinetic energy (E,) via the electron energy analyzer. The
kinetic energy values are related to the binding energy; E,) and the value of the work
function (@) as in the following equation.

Ee=hUV-E -0



When hV is the photon energy, E is the kinetic energy of the electron, E,is the

binding energy of the electron and (I) is the work function
Photoelectron

Kinetic

Energy
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Figure 3.17 XPS principle. (Qiu et al., 2019).
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XPS spectra were used to identify the chemical bonding states of MnBi

magnetic materials. The XPS measurements were carried out at the Synchrotron Light

Research Institute of Thailand's BL3.2Ua: PES (Photoelectron Emission Spectroscopy)

beamline, The MnBi powder was prepared on the substrate holder, and the sample

scale area must be greater than 5x5 mm? when compared to the beam size as shown

in figure 3.18(b). The XPS technique is sensitive on the surface of materials, but it

requires an ultra-high vacuum to avoid collisions with air molecules.
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(@) (b)

Figure 3.18 (a) Display during measurement of the chemical composition at the surface

of the sample and (b) Sample positioning within the XPS system.



CHAPTER IV
RESULTS AND DISCUSSIONS

This chapter presents the experimental results and discussions obtained during
this thesis research. The primary task focuses on the development of a vacuum
sintering system, the determination of the optimum condition, the development of an
oxide reduction system, and the investigation of exchange coupling of MnBi/Co
composites. The effects of Mn particle size, vacuum pressure, and the effect of glycine

addition during the Mn ball milling process.

4.1 Commissioning of vacuum sintering system

The primary purpose of this research was to synthesize MnBi magnetic materials
and optimize their magnetic properties. However, because the Gibbs free energy of
the reaction between Mn and Bi is negative, manganese elements can quickly convert
to manganese oxide form when exposed to oxygen. Since the assembled sintering
system was used to synthesize MnBi magnetic materials in this study, it was necessary
to avoid the presence of oxygen in the system during the reaction. Initially, a vacuum
system with a large vacuum chamber mainly 16 inches in diameter by 32 inches long
was assembled. The vacuum was created by 3 types of pumps: ion pumps,
turbomolecular pumps with a pumping speed of 500 /s, which when connected in
series with the scroll pump has a pumping speed of 3.61 |/s. The vacuum pressure of
the system was measured via a cold cathode gauge (Pfeiffer PKR251 Compact
FullRangeTM). The vacuum pressure of the first system assembled was approximately
107 mbar by the pumping up to one week before sintering in vacuum, which is
considered to consume more energy and time than necessary. Due to this issue, the
idea of improving the vacuum system to a smaller size was created to reduce the
power consumption and synthesis time of MnBi magnetic materials. It started with the

design of the existing parts at the Synchrotron Light Research Institute, Nakhon Ratcha-
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sima province and assembled a vacuum system that is half the size of the first system,
the details of which are described in the chapter Il topic. The vacuum pressure of this
small system is as low as 10°® mbar after 24 hours without baking.

However, the effusion cell needs to operate at a pressure below 5x10” mbar.
The increased temperature should be increased in an appropriate ratio, At the
beginning of the temperature increase, the water is excreted on the surface of the
material, and as the temperature increases gradually, until the melting point of the
substance. The vapor pressure of that substance increases rapidly, causing the
atmospheric pressure to rise. Therefore, in this research, the atmospheric pressure is
maintained at no more than 107 mbar. From the graph, Figure 4.1 shows that the
relationship between pressure and temperature as a function of the time taken to
increase the temperature. After 24 hours of pumping out the air, in the small vacuum
chamber there is a vacuum pressure of about 2x10® mbar without baking at room
temperature. The initial increase in the temperature repels moisture to the surface of
the materials, causing the atmospheric pressure to increase. Until the temperature up
to about 120-125 °C, it is necessary to break the temperature rise in the first cycle
because in this research the atmospheric pressure was not exceed 107 mbar (blue
line) by taking a break to allow the vacuum pump to remove excess moisture or air
for about 30-45 minutes, the atmospheric pressure gradually dropped to a level of 10-
8 mbar. After that, the gradually increase of the temperature according to the specified
conditions to approximately 170-175 °C, 215-220 °C, and 240-245 °C, taking breaks for
cycles 2, 3, and 4 respectively. When the temperature is equated to the melting point
of Bi (271 °C), the vapor pressure of the substance increases rapidly, but, in this work,
the temperature was used slightly above the melting point of Bi and the temperature
was maintained according to the conditions. The process in this section takes
approximately 240 minutes, after the condition has been held to cool down to room
temperature (red line). which takes time to heat up, until it clearly indicates that the

rate of temperature increase affects the increase in atmospheric pressure.
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Figure 4.1 Typical graph showing the relationship between vacuum pressure and

temperature in the effusion cell during sintering.

4.2  Synthesis of LTP-MnBi

In this work, LTP-MnBi was synthesized by low-temperature liquid-phase
sintering in vacuum using the sintering system described above. The LTP-MnBi magnetic
materials synthesis is illustrated and explained in detail in chapter Ill. In this section,
the synthetic results shown in figure 4.2 show that the mixture of Mn and Bi at the
ratio of 1:1%at. is contained in the quartz tube vertically. The reason for selecting the
ratio of 1:1%at. is that the saturation magnetization has a tendency to decrease due
to the fact that the magnetic order of Mn element is a paramagnetic phase and is
synthesized by vacuum sintering technique. It was found that after the synthesis, a
MnBi ingot with a length of about 2 cm and a width of 0.4 cm was obtained, which
clearly indicates that this synthesis technique can be used to synthesize LTP-MnBi

magnets. It is a simple process, less time-consuming, and energy-saving as well.
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Figure 4.2 MnBi ingot after sintering in vacuum.
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Figure 4.3 (a) Photo of Mn-Bi Sample after sintering in vacuum at 275 °C and a diagram

showing the location on the ingot from where XRD patterns were taken and shown in

(b).
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Figure 4.3 shows a typical Mn-Bi ingot after sintering in a vacuum at 275 °C and
XRD patterns taken from different locations on the ingot sintered at 275 °C for 12
hours. The measured positions are marked as shown in figure 4.3(a). The XRD patterns
indicate that there are three main compositions, i.e., LTP-MnBi, Mn and Bi. There are
variations in the ratio of the three components at the measured locations. It is
interesting to point out that the surface of the sintered Mn-Bi ingot is Bi-rich. It is noted
that the quartz tube, Mn-Bi mixture container, was oriented vertically in the effusion
cell. During sintering, Mn particles must be immersed in liquid Bi since the sintering
temperature is above the melting point of Bi. The amount of detected Bi on the surface
of the Mn-Bi ingot is maximum at the bottom and decreases at higher locations. Thus,
the outer layer of the sintered Mn-Bi ingot was removed. The remaining part was
crushed and ground to be in powder form for further characterization. It is worth noting
that no oxides were observed on all samples.

The formation of layers and characterization of MnBi nodules cannot prove
that MnBi occurs at the surface by XRD measurements, but it can indicate that it is a
component of MnBi due to X-ray radiation being totally penetrating and the angle of
incidence is too wide. Therefore, the research group came up with an idea to examine
the layers of MnBi pieces using the Grazing incident X-ray diffraction (GIXRD) technique,
which was developed to investigate the structure and phase analysis of synthesized
magnets. The technique was developed and built at the Beamline 7.2W: MX
synchrotron beam system experiment station of the Synchrotron Light Research
Institute (Public Organization) using light in the high-energy X-ray region manufactured
from 6.5 T Superconducting Wavelength Shifter (SWLS) magnets. The advantage of this
technique is that it uses high-intensity synchrotron ligsht and is able to select the
appropriate wavelength to avoid energy absorption by the constituent elements of
the sample. Another important aspect is that it takes approximately 10 times less
measurement time. The X-ray angle of incidence of the sample is rotated by the
goniometer. The X-ray is scattered off the sample by an angle of grazing incidence that

has a higher value, operate as low as 0.05 degrees, with which GIXRD can reach 0.01-
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degree resolution. However, this technique is difficult to adjust the sample height
relative to the incident X-ray beam. The application test measures MnBi magnetic
samples prepared in this research via mixing Mn and Bi and then sintering in vacuum
at 275 °C for 3 hrs and measured in angle of grazing incidence. It found that the
structural phase of LTP-MnBi magnets was more effective than the conventional XRD
measurement, which was a through-through measurement, resulting in a greater

amount of Mn shown in figure 4.4.
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Figure 4.4 XRD curves are measured from magnetic powder MnBi, measured at the
BL7.2W: MX optical beam system with two forms of incident X-ray radiation: ricochet

(GIXRD) and pass-through (XRD).

The LTP-MnBi magnetic materials synthesis test in this section was blended
between Mn and Bi with a ratio of 1:1 %at. Then it was synthesized using a vacuum
sintering technique at 275 °C for 3, 6, 9, and 12 hours. In figure 4.5, which shows the
XRD patterns of the LTP-MnBi powders, the observed diffraction peaks were similar to
those measured from the Mn-Bi ingot, before grinding to powder. No oxides were

observed, indicating that ball milling did not cause detectable oxides of Mn or Bi. There
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were no obvious big differences in the XRD patterns taken from the samples sintered
for different durations. LTP-MnBi and Bi are the major compositions, with a small
amount of Mn. The crystal structure of LTP-MnBi with a hexagonal type will have an
x-ray diffraction pattern formed at an angle equal to 23.989, 28.136, 29.209, 38.143,
42.195, 49.119, 51.132, 51.486, 52.142, 58.174, 60.568, 66.108, 66.712, 68.383, and
68.681 which related with the plane is (100), (101), (002), (102), (110), (200), (103), (201),
(112), (202), (004), (104), (210), (203), and (211) respectively (reference code: 03-065-
8164). A detailed investigation of the compositions of the sintered materials was carried

out by SEM/EDS measurements.
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Figure 4.5 XRD patterns of MnBi powders after sintering in vacuum at 275 °C for 3, 6,

9, and 12 hours.

The morphology of MnBi powder after sintering in a vacuum at 275 °C for 12
hours. The low-resolution SEM image, figure 4.6(a), shows the size distribution of the
powder. The particle size is governed by the size of raw Mn powder. Since the sample
was sintered just above the melting point of Bi, it is understood that the formation of

MnBi occurred by a chemical reaction at the liquid-solid interface. Initially, the Bi
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interacts with Mn to form a MnBi layer covering Mn particles. The increase in thickness
of the MnBi layer proceeds by the diffusion of Mn through the MnBi layer and, when
reaching the liquid-solid interface, reaction with liquid Bi atoms. EDS spectra taken from
two different locations on MnBi powder, shown in figure 4.6(b), are plotted in figure
4.6(c) and 4.6(d). The spectrum in figure 4.6(d) is from LTP-MnBi while that in figure
4.6(c) is from Bi. The results from EDS, together with those from XRD, suggest that the
sinter materials consist of Bi particles and particles with LTP-MnBi as an outer shell and

Mn as an inner core, as shown in figure 4.6.

cps/eV
cpsl/eV

MLL LY *"ZmL XY

° energ)}o(keV) 1

o 4

® energ;}o(keV) 1 @

Figure 4.6 (a) Low- and (b) high-resolution SEM image and (c)-(d) EDS spectra taken

from two locations of MnBi powder after sintering in vacuum at 275 °C for 12 hours.

Figure 4.7 shows M-H curves of the sintered LTP-MnBi sample prepared at 275
°C for 3, 6, 9, and 12 hours, The coercivity value (Ho) was 2.51, 1.73, 1.36, and 1.57 kOe
and the saturation magnetization value (M) was 42.42, 52.37, 49.79, and 48.57 emu/g

respectively. which it is plotted as a function of the sintering time at 275 °C. The sample
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sintered for 6 hours exhibits the highest energy product (BH).« of 1.7 MGOe, which is
much lower than theoretically predicted. The main factor causing low values of the
saturated magnetization and energy product is due to the fact that the sintered
materials consist of not only the ferromagnetic LTP-MnBi but also paramagnetic Bi and
Mn. The materials undergo magnetic purification processes to increase the percentage

of LTP-MnBi and thus to improve the performance of the materials.

N
o

N
o

N
o
]

f-N
o
1
BHmax (MGOe)
//
>

@
by

M- Corecivity

- n \A- Magnetization
] A

~—a

.\_/'

12

P
[

)
o
]

N
N
h
@
3

recivity(kOe)
P
5 &

1
i N
o
1
.

T I

=
£
Saturated Magnetization (emuig)

[
IS
9

Saturated Magnetization (emu/g)
o

@
o

L. 9
Sintering time(hr)
T

T T T T T
-10000 0 10000 20000
Magnetic Field (Oe)

T
-20000

Figure 4.7 M-H curves of 275 °C sintered Mn-Bi sample with different sintering
durations. The insets show the maximum energy product (top-left) and coercivity and

saturate magnetization (bottom-right).

This work demonstrates that the vacuum sintering technique is capable of
synthesizing LTP-MnBi without the formation of oxides. The sintered materials consist
of three different materials, i.e., ferromagnetic LTP-MnBi and paramagnetic Bi and Mn.
The energy product of the synthesized materials is about 10 times lower than the
theoretically predicted value. To improve the performance of the materials, magnetic

separation is needed. This will be the subject of further investigations.
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4.3  Effect of particle size

The sintering of manganese and bismuth powder at temperatures above the
melting point of bismuth causes transformation into a liquid state, as a result of which
the gravitational flow of the earth penetrates the cracks or gaps of the still solid
manganese pellets, creating a surface and chemical interaction between the bismuth
liquid and the manganese granules. This results in an LTP-MnBi layer. The thickness of
the LTP-MnBi layer tends to increase the time of sintering, which can be calculated
using the diffusion relation equation Dc=L?/t, where t L are the diffusion duration time
and L is the diffusion length (thickness of MnBi layers). Therefore, the phase of the
sample can be predicted to be composed primarily of LTP-MnBi, Mn and Bi as
measured by the XRD technique. The composition of the specimens found after the
reaction were LTP-MnBi and Bi, as they were too thick for the x-rays to penetrate, as
shown in figure 4.8. The measurement results were divided into two particle size
ranges: those smaller than 20 microns (figure 4.8(a)) and those larger than 20 microns
(figure 4.8(b)). When observed, the XRD measurements found that the proportion of Bi
element or Bi rich was found to be more common in the LTP-MnBi particle range of
less than 20 microns, and the peak intensities of LTP-MnBi have increased with the rise

of the temperature.
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It is known that MnBi has two phases ie. the High Temperature Phase (HTP)-
MnBi and the Low Temperature Phase (LTP). The MnBi magnetic materials sintered
under vacuum at 275 °C for 3 hours and 48 hours (6, 12, and 24 hours, similar) were
found to be a Low Temperature Phase (LTP)-MnBi type when compared to the
database. The bismuth manganese reference code: 03-065-8164 has the diffraction
peaks at 28.136°, 38.143°, 42.195° 51.132°, 51.486°, 52.142° 58.174° and 60.568°,

respectively, as shown in figure 4.9.
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Figure 4.9 XRD patterns of MnBi powder obtained after sintering in vacuum at 548 K

for 3 and 48 hours compared with database of MnBi, Bi and Mn phase.
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In this research, the Vibrating Sample Magnetometer (VSM) is a technique used
to study the magnetic properties of LTP-MnBi magnets. The results of the magnetic
property measurements in this section are shown as hysteresis loops or M-H curves,
which the magnitude of the induced substance is represented by magnetization (M)
in the y-axis and the magnetic field strength is represented by coercivity (H.) in the x-
axis. From the figure 4.10, demonstrating the M-H curve of LTP-MnBi particles
synthesized by the vacuum sintering technique at 275 °C for 3, 6, 12, 24, and 48 hours,
subsequently, the particle size less than 20 microns and the particle size in the range
of 20-53 microns were selected. The LTP-MnBi magnetic particles were smaller than
20 microns, the coercivity (H) was 4.95+0.07, 5.46+0.09, 5.03+0.13, 5.16+0.10, and
4.96+0.08 kOe, and the saturation magnetization (M,) was 38.72+0.60, 40.04+0.73,
40.19+0.81, 41.21+0.92, and 42.59+0.95 emu/g. For LTP-MnBi magnetic particles with
sizes in the range of 20-53 microns, the coercivity (HJ) was 2.90+0.07, 3.11+0.06,
2.53+0.09, 2.42+0.05, and 2.28+0.08 kOe, and the saturation magnetization (M) was
45.69+0.90, 48.20+0.95, 44.68+0.66, 49.93+0.75 and 49.72+0.77 emu/g respectively.
Considering the temperature hold, M, tends to rise with increased hold time and the
coercivity value has slightly transitioned. The difference in M-H curves is due to the
magnetic domain of the particle size. Figure 4.10 show the coercivity and magnetization
values are plotted as a function of the sintering time (hours).

The coercivity value (H.) of 5.35 kOe of the particle size less than 20 microns
and the particle size greater than 20 microns has a maximum coercivity value of 2.91
kOe. We found that there was a slight increase in the change with holding the
temperature at 275 °C for 3, 6, 12, 24, and 48 hours, which is insignificant. When
considering the coercivity value (H.) and the saturation magnetization value (M) from
fig. 4.10, the maximum energy product (BH) .., of the specimen was calculated. It was
initially found that LTP-MnBi particles less than 20 microns, the (BH), ., were 1.29+0.05,
1.36+0.07, 1.71+0.08, 1.65+0.05, and 1.49+0.06 MGOe, held at 275 °C for 3, 6, 12, 24,
and 48 hours, respectively. Until the temperature was maintained for 12 hours, the

highest (BH), ., was obtained at 1.71+0.08 MGOe, as shown in figure 4.11. And since the



80

different melting points of Mn (1,246 °C) and Bi (271 °C), which in the vacuum during
heating to more than the melting point of Bi, results in the Bi transforming to the liquid
state. The Mn surrounded by the liquid state of Bi causes a portion of the Mn to be

isolated due to peritectic reactions to the interaction to form MnBi layers.
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Figure 4.10 shows the magnetic properties of MnBi particles size of < 20 um and 20-

53 um.

During the formation of MnBi magnetic materials, these reactions result in the
formation of oxides. Therefore, it has been shown that sintering in a vacuum at 275 °C
for 12 hours is optimal if the temperature is held longer than 12 hours, which will
degrade the magnetic properties. However, the LTP-MnBi magnetic particles with sizes
in the range of 20-53 microns tended to be in line with the same trend as shown in

figure 4.11.
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Figure 4.11 shows the maximum energy product (BH), ., of LTP-MnBi particles size of

< 20 pym and 20-53 pm.

4.4  Effect of pressure during sintering

The samples sintered at different pressures were categorized by base pressure
denoted as ultra-high vacuum (UHV, (10® mbar)), low vacuum (LV, (10 mbar)), and
ambient pressure (AP, (1 bar)). Figure 4.12(a) shows the wide scan XRD patterns of all
MnBi powders whose main diffraction peaks could be identified as MnBi phase (JCPDS
Card. No. 96-900-8900), Bi phase (JCPDS Card. No. 01-085-1329), cooperated with small
peaks of Manganese oxides (MnO; JCPDS Card. No. 96-101-0394, Q-MnO,; JCPDS Card.
No. 44-0141 and PB-MnO,; JCPDS Card. No. 024-0735). The MnBi/MnBi+Bi) ratio
extracted from the XRD peaks were calculated to be 54.9, 54.5, and 70.6% for UHV-
MnBi, LV-MnBi and AP-MnBi, respectively. It should be noted that this ratio does not
fully represent the MnBi concentration in the sample. Since the Mn peaks could not
be detected due to the limit of X-ray penetration. It could be implied that the MnBi
concentration in the Mn-rich AP-MnBi (the sample was taken from the MnBi (black)
region shown in figure 4.12(a) might be far less than this value. As expected, the

oxidation rate depends on the oxygen partial pressure during sintering (Li et al., 2018)
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and thus, the lowest number of oxides is observed for the UHV-MnBI. It is noted that
o-MnO, and B—!\/\n02 are pronounced for the sample sintered in a low vacuum, i.e.,
LV-MnBi sample. These oxides are formed on the surface of the MnBi powder particles.
The quantitative comparison of surface oxides composition could be further

investigated by the XPS technique.
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Figure 4.12 XRD patterns of (a) UHV-MnBi, LV-MnBi and AP-MnBi and (b) Zoom in: 2-

theta range of 34.5°-50.0°.
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Firstly, the M-H curves were corrected by using a demagnetization factor (N)
which is dependent on the shape and orientation of the ferromagnetic materials to

1 a
the external field. This can be calculated by, N"1=2 + % g, according to the transverse-

cylindrical geometry (Prozorov et al., 2018). The N value of 0.4 was calculated from

1
lo— , Where a is a length and b is a diameter of the sample. Figure 4.13(a) shows

b V2

the\/r—oom temperature hysteresis loop of the sintered MnBi specimens prepared at
375°C for 12 hours under ultra-high vacuum (UHV), low vacuum (LV), and ambient
pressure (AP). The changes of demagnetization curves of raw M (N = 0) and corrected
M (N = 0.4) of UHV-MnBi are seen in the bottom-right inset of figure 4.13(a). The
magnetic measurements were repeated 3 times in each sample giving the corrected
H. of 2.42+0.07, 0.68+0.06, and 0.87+0.04 kOe and M, of 48.46+0.90, 56.54+0.95,
49.80+0.66 emu/g for UHV-MnBi, LV-MnBi and AP-MnBi samples, respectively
(summarized in Table 1). It should be noted that the UHV-MnBi exhibits the hard
magnetic behavior with up to 3.5 times of H. compared to LV-MnBi and AP-MnBi. Even
the slightly less M value of UHV-MnBi (up to 14% compared to the LV-MnBi) consistent
with the observed MnBi concentration measured from XRD, the UHV-MnBi remains the

highest (BH)nax Of 1.82+0.05 MGOe among others which is due to its notably high H. as

shown in figure 4.13(b).
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Figure 4.13 (a) M-H curves after demagnetizing field correction of UHV-MnBi, LV-MnBi

and AP-MnBi.
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Figure 4.13 (Continued)@) M-H curves after demagnetizing field correction of UHV-

MnBi, LV-MnBi and AP-MnBi.

The inset of (a) shows the demagnetization curves of raw M (N = 0) and correct
M (N = 0.4) of the UHV-MnBi (bottom-right). (b) shows the maximum energy product
((BH) a0 of all samples.

Table 4.1 Magnetic properties of different pressure samples.

Samples H. (kOe) M, (emu/g) (BH)max (MGOe)
UHV-MnBi 2.42+0.07 48.46+0.90 1.82+0.05

LV-MnBi 0.68+0.06 56.54+0.95 1.47+0.08

AP-MnBI 0.87+0.04 49.80+0.66 0.92+0.04

Figures 4.14(a) and 4.14(e) show the physical appearances of AP-MnBi and UHV-
MnBi ingot obtained immediately after the sintering process. It is clearly seen that the
AP-MnBi is inhomogeneous with noticeably separated layers of Bi (white region) and
MnBi (black region) which are shown in the inset of (figure 4.14(a)), while the UHV-MnBi
ingot is relatively homogeneous. it is understood that the formation of forming MnBi
by a chemical reaction at the liquid phase sintering (LPS) (German et al., 2009) and
atmospheric pressure. Initially, the Bi liquid reacts with Mn particle powders to form a

MnBi layer coating Mn inner core. Moreover, the atmospheric pressure is an important
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factor that suppresses the MnBi formation due to the oxide formation. The high-
resolution SEM images of AP-MnBi ingot are shown in figure 4.14(b). It is confirmed that
the surface composition is inhomogeneous, as shown in the EDS results in figure 4.14(c)
and (d). It was found that the top area and surface of the as-sintered AP-MnBi are Bi-
rich and oxygen-rich (Yoshida et al., 1999). This could be explained by the incomplete
formation and hindering of the MnBi phase during sintering in the ambient condition
either by the formation of oxides or peritectic reaction. The Mn:Bi:O ratio of
40.8:33.6:21.2 and 16.2:67.2:10.4 %wt were observed in the black and white regions of
AP-MnBi. While the ratio of 45.2:44:4.9 and 33.2:54.1:9.2 were carried out from region
1 and 2 of the UHV-MnBi. This result strongly confirms the more homogeneous and
less oxides coverage of the UHV-MnBi than AP-MnBi.

This work demonstrates the success in preparing MnBi in ultra-high vacuum,
low vacuum, and ambient pressure. The vacuum pressure plays an important role in
the formation of MnBi during liquid phase sintering (LPS). After the sintering process,
the AP-MnBi ingot is inhomogeneous, containing the separated layers of Bi and MnBi,
while the UHV-MnBi ingot is rather homogeneous. The formation of different kinds of
oxides is found in LV-MnBi and AP-MnBi more than in UHV-MnBi. Thus, it could be
concluded that the inhomogeneity and oxides play an important role in the magnetic
properties of MnBi. UHV-MnBi presented the highest (BH), ... of up to 1.82+0.05 MGOe.
Finally, we showed here that the MnBi can be prepared even in atmospheric pressure.
However, further studies and system optimization are required to obtain acceptable

magnetic performance.
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Figure 4.14 (a) camera image (b) high-resolution SEM images (c) EDS spectra taken at
MnBi region (black region) and (d) Bi region (white) of AP-MnBi ingot. (e) camera image
(f) high-resolution SEM images (g) EDS spectra taken at region 1 and (h) region 2 of UHV-
MnBi ingot.
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4.5 Effect of prolonged ball milling

Ball-milling was used, in this work, for reducing the particle size of the Mn
powder before the sintering processes. Longer milling time, small particle size was
expected. The Mn particle distributions as a function of ball milling time measured by
SEM are shown in figure 4.15(a)(d). It is seen that the shapes of Mn particles are similar
in all ball-milled samples containing circular shapes of small and big particles. Some
big particles are formed by small particles. The particle size is 8.02+0.44 ym for 3 hr
ball-milled samples. The particle size decreases to 5.81+0.81 um for 7hr ball milling
time. The particle size gradually decreases after longer grinding time.

The magnetic properties of MnBi materials were shown by M-H curves
measured at 300 K. MnBi magnetic materials were prepared with Mn particles treated
via ball milling technique. It was found that the H. value were 4.28+0.07, 3.98+0.06,
3.87+0.04 and 4.02+0.09 kOe, M, value were 53.42+0.90, 50.95+0.95, 48.87+0.66 and
44.32+0.72 emu/g and (BH),. value were 1.98+0.05, 1.89+0.08, 1.86+0.04 and
1.59+0.07 MGOe for MnBi-M3, MnBi-M7, MnBi-M11 and MnBi-M15, respectively, as
shown in figure 4.16(a) and Table 2. The coercivity value (H.) are similar, while the
saturation magnetizations (M) are slightly decreased as ball milling time increases. The
M, He and (BH), ., are summarized in figure 4.16. It is noteworthy that the MnBi-M3
exhibit the highest (BH),.... The squareness ratio (M,/M,) of MnBi sample indicates that
the energy product (BH),., trend should be decreased. In figure 4.16(b), the (BH) .y is
plotted as a function of the Mn ball milling time (hours) and it has different value
about 5-25%. The saturation magnetization (M) value tends to decrease with Mn ball
milling time. Magnetic properties slightly change. This means the products are similar
(does not affect to phase transition). This result shows that ball milling time affect to

the decreases of overall magnetic properties of MnBi.
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Figure 4.15 The low-resolution SEM images of Mn ball milling (a) 3 hours, (b) 7 hours,

(c) 11 hours and (d) 15 hours. The average Mn particle size are shown in the right figure.
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Figure 4.16 (a) shows the M-H curves of the sintered samples prepared using Mn

powder particle from ball milling different time and (b) magnetic properties of MnBi

powder.
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Table 4.2 Magnetic properties of MnBi using Mn griding time samples.

Samples H. (kOe) M, (emu/g) (BH)max (MGOe)
MnBi-M3 4.28+0.07 53.42+0.90 1.98+0.05
MnBi-M7 3.98+0.06 50.95+0.95 1.89+0.08
MnBi-M11 3.87+0.04 48.87+0.66 1.86+0.04
MnBi-M15 4.02+0.09 44.32+0.72 1.59+0.07

Figure 4.17 shows the XRD patterns of the MnBi powders after sintering in

vacuum at 275 °C for 12 hrs. The MnBi (JCPDS Card. No. 96-900-8900) and Bi (JCPDS

Card. No. 01-085-1329) phases were found. A small fraction of the Mn phase can be

measured because the Mn particles were covered by the layers of MnBi and Bi that

remains after the reaction. The peak intensities of Bi increase with Mn ball milling time.

When considering the MnBi content, it is indicated that the highest MnBi content is

MnBi-M3. From the extrapolation, if the sample possesses the 100% of MnBi phase,

the M value will be up to 70 emu/g. By this assumption, the (BH) ., can be increased

by enhancing the MnBi purity.
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Figure 4.17 (a) XRD patterns of MnBi powders after sintering in vacuum at 275 °C for

12 hours (b) the magnetization (M) as a function of MnBi concentration. Red line shows

the extrapolation of M;
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Figure 4.18(a) shows the XPS spectrum of the Mn 2p core level of the 3-hr-
milled Mn particles as a demonstration. By fitting those peaks with Gaussian functions,
each Mn peak can be deconvoluted into three peaks which are the Mn?* (or MnO)
shown by the green spectrum, metallic Mn (red spectrum) and the satellite peak (blue
spectrum). It is intriguing to note that the spectrum for both Mn 2ps,, and Mn 2p,,,
were split into two peaks indicating the presence of the regular Mn atom and interstitial
states, respectively. Hence, the binding energy of 642.2 eV and 654.3 eV were
attributed to the Mn atoms in regular states, while the peaks of 641.1 eV and 653.3 eV
were attributed to the interstitial Mn atoms of MnBi sample. Figure 4.18(b) shows the
MnO/Mn ratio extracted from XPS at different ball milling time. It is seen that the MnO

content increase with Mn ball-milling time.
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Figure 4.18 (a) XPS spectra of Mn ball milling for 3 hours and (b) MnO/Mn ratio with

pall milling time.

This work demonstrates that the size of the Mn powder particle reduces as a
function of ball milling time. Mn oxide is formed during the ball milling process. The
amount of the oxide increases with milling time, which demonstrates the increment
of MnO content on the surface of Mn particles, resulting in the hindering of MnBi

formation. The formation of oxide should be the key role in the decrement of MnBi
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content. It is worth noting that oxides should be removed to enhance the MnBi content
and thus the magnetic properties of the sintered product.

Figure 4.19 depicts the MnBi powder morphology after sintering in vacuum at
275 °C for 12 hours using Mn ball milling for 3 hours as a component (it does not
depict Mn ball milling for 7, 11, and 15 hours as a component because it is similar).
The low-resolution SEM image, figure 4.19(a), shows the size distribution of the MnBi
sample. The particle size of the MnBi sample is dominated by the size of the raw Mn
powder. Since the sample was heated over the melting point of Bi, it has become a
liquid state. The Bi (liquid state) is governed by the particle size of raw Mn powder. Bi
interacts with Mn to form an MnBi layer covering Mn particles by the chemical reaction
at the liquid—solid interface. It is seen that the particle trend to agglomerate is shown
in Fig 4.19(b). The increased thickness of the MnBi layer by the diffusion method of Mn
(solid state) through reaction with Bi atoms becomes the MnBi layer. However, it is
very difficult to obtain the high purity of the MnBi phase. Furthermore, it is understood
that the small particle trend has a higsher packing density than the larger ones. So, this

should be the reason why we see more Bi on the XRD pattern in figure 4.19.

18

Figure 4.19 shown the distribution of the MnBi powder after sintering in vacuum after

sintering in vacuum at 275 °C for 12 hours.
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The wide scan spectra of the specimens both before and after sintering show
the expected elements whose surface electronic states and the chemical
compositions  were achieved from x-ray photoelectron spectroscopy (XPS)
measurement, demonstrated in figure 4.20, where the position of Mn2p, O1s, Cls, and
Bidf is evidence that indicates that without any element of the impurity, the formation
of the Manganese-Bismuth-Oxygen composite, which in figure 4.20, also shows the

difference in the chemical composition of the before and after sintering of the sample.
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Figure 4.20 XPS spectra of Mn ball milling different time and MnBi sample after

sintering in vacuum at 275 °C for 12 hours.

4.6 Influence of glycine

In this work, glycine was added, which has properties as a lubricant and a
surfactant in the process of grinding Mn powder for 1 and 3 hours, it was found that
the original Mn powder particle size was larger than 400 microns. They were
approximately 10-11 times smaller to 35.70+0.43 microns and 24.81+0.31 microns after

1 and 3 hours of reduction, respectively. It was obvious that there will be a glycine
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coating on the granules of both small and large Mn particles, clearly separated. As

illustrated in figure 4.21.

and (b) 3 hours.
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Figure 4.22 The M-H hysteresis loop of (a) the MnBi prepared from conventional ball

milling (MnBi_M3) and (b) the glycine addition for 1 hours (MnG;Bi) and 3 hours
(MHG3B|)
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Magnetic properties as measured by the VSM technique at 300 K of
conventional ball milled MnBi materials and grinding in glycine for 1 and 3 hours are
shown in figure 4.22. It was found that the conventionally ground MnBi showed
magnetization (M) and coercivity (H.) values of 52.85+0.70 emu/g and 4.8+0.06 kOe,
respectively. On the other hand, the glycine added MnBi materials showed the H.
values of 3.95+0.04 and 2.35+0.03 kOe, and M of 0.18+0.73 emu/g, for MnG;Bi and
MnG3Bi, respectively (shown in figure 4.22(b). These values are considered to be
significantly reduced compared to those obtained by conventional ball milling. The

reason of the low magnetic value of glycine added MnBi material is the main focus of

this study.
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Figure 4.23 The XRD pattern of the MnBi_M3, MnG;Bi and MnG,Bi.

From the XRD pattern of MnBi prepared with conventional ball milling and
glycine addition. It was found that the peaks intensities in the two synthesized differed
greatly by found that in grinding in glycine. It has a very high Bi (JCPDS Card. No. 01-

085-1329) constituents and, conversely, has a very small proportion of MnBi
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concentrations (<5%), in contrast to conventional grinding which yields a high MnBi
(JCPDS Card. No. 96-900-8900) concentration ratio of about 70%, as show in figure 4.23.
This section can explain why glycine is added to the manganese grinding process. May
be interfere with the interactions between bismuth liquid and manganese granules to
form MnBi material layer, which can be explained by disruption of diffusion during
liquid phase sintering, which may be caused by hydrocarbons (i.e., NH,-CH,-COOH)
which are the main constituents in glycine. This can be examined with x-ray

photoemission (XPS) techniques, which will be discussed in the next section.
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Figure 4.24 XPS spectra of the MnBi_M3, MnG;Bi, and MnG3Bi.

The wide scan XPS including Mn 2p, O 1s, C 1s and Bi 4f have been performed
in figure 4.24. The main difference between MnBi_M3 and MnG,Bi is the intensity of O
1s B.E. (532 eV) and C 1s (B.E. 288.3 eV). The MnBi obtained by grinding in glycine has
a significantly high proportion of O and C. This can be explained by the presence of
hydrocarbon elements such as NH,-CH,-COOH as the principal constituents in glycine.
This is an advantage of surface sensitive XPS technique which clearly verify the
presence of surface contaminations. The results of all above-mentioned experiments

could imply that Mn grinding in glycine results in a significant reduction of magnetic
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efficiency caused by the inhibition of MnBi layer formation due to the surface coverage
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Figure 4.25 The SEM images of the (a) MnBi_M3 and (b) MnG;Bi.

Figure 4.25. shows the morphological comparison between the
conventional ball-milled Mn powder and the glycine-added powders. According to the
SEM image of the conventional-milled MnBi shown in figure 4.25(a), the particles are

fairly uniformly distributed in terms of particle size and elemental composition
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throughout the region. For the glycine-added particles, it was found that the
appearance characteristics are rather different from the conventional ball-milled
sample. In other words, the particles are distributed unevenly. There are both small
and large particles, as well as having a clear difference in composition (determined
from color contrast). It was found that the large-white spheres were Bi, while the small
particle was Mn with some adhered Bi. Two types of particles tend to separate with
each other. From this result, it can be concluded that glycine addition is likely to inhibit
the Mn and Bi interactions, consistent with previous XRD results.

The magnetic performance of the MnBi prepared by glycine addition during ball
milling is decreased dramatically compared to the conventional ball-milled samples.
This result could be caused by the incomplete process described by the presence of
unreacted Bi and the absence of the MnBi phase. The MnBi formation interruption
could be described by the coverage of hydrocarbons on the surface. The proper
hydrocarbon removal process is required prior to the sintering process to obtain high

magnetic performance.

4.7 LTP-MnBi and Co composite

If the use of LTP-MnBi in permanent magnet production is not particularly
appealing due to its relatively low maximum energy product. Although, the coercivity
value increases with temperature, the saturation magnetization value is also trending
to decrease. There is also a problem with the degradation of magnetic materials.
Hence, the development of permanent magnetic materials to improve the efficiency
of future applications may require the use of LTP-MnBi magnetic as the main
component. The research in this section has the concept of the composite between
LTP-MnBi (hard magnetic materials) and cobalt (soft magnetic materials). However, the
doping of the third element stresses the crystal structure and changes the LTP-MnBi
ratio, resulting in a magnetic interaction between the Mn atoms in the crystal structure
and the Mn atoms inserted within the crystal structure (interstitial Mn), leading to a
decrease in magnetization. Meanwhile, the thermal stability is improved. Cobalt is one

of the soft magnetic materials used in this section. The study and preparation of the
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composite were divided into three stages of preparation. Starting with grinding Mn for
3, 7, and 11 hours, it was then mixed with Bi powder and synthesized using a vacuum
sintering technique at 275 °C for 12 hours. that, LTP-MnBi powder composite with
cobalt in an atomic ratio of 1:1 %at and using a planetary micro mill at 300 rpm for 30
minutes. The VSM measurement shown in figure 4.26 compares the hysteresis loop of
specimens and finds that the coercivity value is equal to 1.82, 1.63, and 1.53 kOe, the
saturated magnetization value is equal to 78.93, 76.61, and 76.09 emu/g and the
maximum energy product is equal to 0.81, 0.63, and 0.58 MGOe for LTP-MnBi magnetic
materials via varied Mn ball milling 3, 7, and 11 hours sintering in vacuum at 275 °C for
12 hours composite with Cobalt shown in figure. 4.26 respectively. It can be clearly

seen that the exchange slightly.
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Figure 4.26 shows the M-H curves of the sintered samples prepared using Mn powder

particle from ball milling for 3, 7, and 11 hours.
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To exhibit the higher maximum energy product (BH,,,,) of the MnBi powder. To
consider the exchange-coupled interaction of hard and soft phases. The soft phase of
cobalt has a larger saturation magnetization and quite a few coercivity. The exchange
coupling effect of this with LTP-MnBi has a low saturation magnetization and a high
coercivity value, which the MnBi/Co composite demonstrates higher saturation
magnetization when compared with the LTP-MnBi phase. It was discovered that when
the MnBi/Co sample was magnetically aligned under a magnetic field of 0.5 T, it
exhibited low saturation magnetization but the coercivity increased up to two times
when compared with LTP-MnBi. Starting from MnBi powder, MnBi/Co composite, and
MnBi/Co alignment, the energy product (BH).. of these samples tends to decrease, as
shown in figure 4.27(a-c). The effect of magnetically alignhed Manganese Bismuth
composite with Cobalt. The saturated magnetization is 16.40, 27.78, and 39.88 emu/g,
respectively, and the maximum energy product is 0.22, 0.54, and 0.62 MGQe for the
LTP-MnBi sample that uses manganese powder from the grinding high speed at 300
rom for 3-, 7-, and 11-hours composite with Cobalt under a magnetic field of 0.5 T, as

shown in figure 4.27(d).
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Figure 4.27 (a) M-H curves after sintering in vacuum of MnBi-M3, MnBi/Co-M3, MnBi/Co-
M3-0.5T and Cobalt. The inset of (a) shows the (BH), .« of samples (upper left). (b) M-
H curves after sintering in vacuum of MnBi-M7, MnBi/Co-M7, MnBi/Co-M7-0.5T and

Cobalt. The inset of (a) shows the (BH)., of samples (upper left).
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Figure 4.27 (Continued) (c) M-H curves after sintering in vacuum of MnBi-M11, MnBi/Co-
M11, MnBi/Co-M11-0.5T, and Cobalt. The inset of (a) shows the (BH).., of samples
(upper Lleft). (d) M-H curves after sintering in a vacuum and alighment the direction

particles with the magnetic field of 0.5 T.
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Figure 4.28 XRD patterns of (a) MnBi/Co-M3, MnBi/Co-M7, and MnBi/Co-M11 and (b)
MnBi-M3, MnBi/Co-M3 compared with Cobalt.
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Figure 4.28(a) is the result of XRD measurements of all three samples. It
indicates that the primary constituent after vacuum sintering was LTP-MnBi and Bi
where Mn element was found to be low intensity due to Mn being surrounded by LTP-
MnBi and Bi. In which, there is a layer too thick that all X-ray radiation can pass through.
Figure 4.28(b) is an example of XRD measurements of LTP-MnBi and LTP-MnBi/Co
samples using Mn powder from grinding for 3 hours compared with Cobalt from a
bottle. It clearly shows and supports the composite M-H curves that exchange coupling

from combined grinding without heat treatment.



CHAPTER V
CONCLUSIONS AND REMARKS

This thesis work focused on the development of vacuum sintering techniques
and the synthesis of LTP-MnBi magnetic materials as an alternative to producing rare-
earth-free permanent magnetic materials. The synthesis methods were studied and
optimized with various parameters and conditions, such as the effect of gravity during
sintering, particle size, vacuum pressure, Mn grinding time, glycine addition, and
hybridization with cobalt. XRD, SEM/EDS, and XPS techniques were used to investigate
the phases, microstructure, morphology, and chemical composition. The VSM
technique was employed to investigate the magnetic properties.

A simple vacuum sintering system was built and utilized throughout this thesis
work. The system provided opportunity to synthesize MnBi magnetic materials sintering
without the formation of oxides. The sintered materials are made up of three different
materials i.e., LTP-MnBi, Bi and Mn. The MnBi content for short sintering times was still
low, resulting in the low energy product which is approximately ten times lower than
predicted theoretically. Longer sintering time or using smaller Mn particle size was
expected to yield higher MnBi content, and consequently the higher energy product.
However, the technique was demonstrated to be a facile technique for synthesizing
LTP-MnBi with less energy and time consuming as compared to other techniques.

It was demonstrated that vacuum pressure must be low enough to prevent
oxidation. Preparations of MnBi in ultra-high vacuum (10" mbar), low vacuum (107
mbar), and under Ar flow were experimented. It was found that vacuum pressure is
critical in the formation of MnBi during liquid phase sintering (LPS). The AP-MnBi ingot
resulted in the inhomogeneous sintered product after sintering, with separated layers
of Bi and MnBi, whereas the UHV-MnBi ingot produced a rather homogeneous material.

Oxides were formed in the cases of LV-MnBi and AP-MnBi than in UHV-MnBI.
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One of the main goals of this thesis work is to increase the MnBi content by
using the initial Mn with powder particles as small as possible in order for the whole
Mn particles could be transformed to MnBi. It is well known that the magnetic
properties of MnBi magnetic materials depend on many factors. One of those factors
is particle size. In addition, there is an advantage that smaller the power particle size,
the higher coercivity. In this work, ball milling was used to reduce the size of the initial
Mn power particles. The particle size of Mn powder decreases as the ball milling time
increases. However, Mn oxides were formed during milling. The amount of oxide
increases with milling time, indicating an increase in MnO content on the surface of Mn
particles, which inhibits MnBi formation during sintering. The formation of oxide should
play a significant role in the reduction of MnBi content. It should be noted that oxides
should be removed in order to improve the magnetic properties of MnBi.

To avoid the formation of oxides during ball milling of Mn, glycine was added.
The addition of glycine is expected also to prevent particle agglomeration, resulting in
small, non-gathered Mn particles. Small powder particles of Mn were obtained after
prolonged ball milling. This small Mn powder was used in the sintering. However, the
magnetic properties of MnBi prepared from the glycine-added Mn were not as good as
expected. It was found that small amount of MnBi was formed, suggesting that less
chemical reaction between Bi and Mn occurred during sintering. This was explained by
the fact that the surfaces of the ball-milled Mn were coated by hydrocarbons, the
product of glycine during ball milling. This coating layers prevent the formation of the
MnBi.

The exchange coupling effect has a low saturation magnetization and a high
coercivity value, whereas the MnBi/Co composite has a higher saturation magnetization
when compared to the LTP-MnBi phase. When the MnBi/Co sample was magnetically
aligned in a 0.5 T magnetic field, it showed low saturation magnetization but increased
coercivity by up to two times when compared to LTP-MnBi. The energy product
(BH)max of these samples tends to decrease as they progress from MnBi powder to
MnBi/Co composite to MnBi/Co alignment.

Great efforts are still needed for further development of rare-earth free

magnetic materials. LTP-MnBi is one of the promising materials, and the preparation
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technique used in this thesis work is also a promising technique for mass production.
The stringent condition to be overcome is to increase LTP-MnBi content in the sintered
product. The approach that has been attempted was to use the Ma powder with
particle size as small as possible. In principle, it shall be in the range of a few microns.
These sizes of powder particles not out of reach by today technology if more
investment is available.

For research and development at a laboratory scale, further work may be
carried out by using a low-energy ball milling machine to prevent the formation of
oxides on the milled particles. However, if a low-energy ball milling machine is not
available, a reduction process after normal ball milling might be required to remove
the oxides. With small powder particle sizes, high content LTP-MnBi may be obtained
by low-temperature liquid-phase sintering in vacuum, as employed in this work. High
performance LTP-MnBi may even enhance if magnetic separation will be carried out.
After successful demonstrations, mass production may require a large production Mn
using a technique like atomizer to produce small powder particles of Mn for the
sintering.

Finally, if LTP-MnBi will be used as a hard phase material for composited
materials for high performance magnet, investigations of magnetic composites are of

great importance for further research.
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Preparation low-temperature phase MnBi by sintering in vacuum
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Low-temperature phase manganese-bismuth compound (LTP-MnBi) is one of
promising high-performance rare earth free magnetic materials. It exhibits outstanding
magnetic properties such as high magnetocrystalline anisotropy, high curie
temperature. The most unique advantage of LTP-MnBi is being large positive
temperature coefficient which is favorable for high temperature applications. It is
theoretically predicted that single phase of LTP-MnBi have energy product about
17.7MGOe at room temperature. Different techniques have been developed to
synthesis LTP-MnBi. The most utilized technique is arc-melting followed with ball
milling and low temperature annealing processes, which is time consuming. Thus, this
work demonstrates that sintering in vacuum might be an alternative technique to
prepare LTP-MnBi. A simple sintering system has been set up. The system has
successfully been used to prepare LTP-MnBi. This report describes the system design
and operational conditions. Commissioning and preliminary results from the

preparation of LTP-MnBi will also be reported.
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Effect of Mn particle size on ferromagnetic property of MnBi prepared
by sintering in vacuum
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The low-temperature phase MnBi has attracted both theoretical and practical
interests due to its unusual magnetic properties such as high curie temperature, high
magneto-crystalline, and large positive temperature coefficient which is suitable for
high-temperature magnetic applications. Most of the investigated LTP-MnBi in recent
years were prepared from bulk MnBi synthesized by arc- or induction-melting. To
obtain LTP-MnBi powders, it requires time consuming processes such as annealing,
grinding, and ball milling processes. It is known that the magnetic properties of the
LTP-MnBi could be improved by reducing the particle size of powders. In this work, an
alternative method to prepare LTP-MnBi is employed to reduce the processing steps.
A mixer of Mn with Bi powders was sintered in vacuum at 275 °C. This investigation
focused on the effects of the particle size of the starting Mn powders on the magnetic
properties of the LTP-MnBi. The results obtained by using vibrating sample
magnetometer, X-ray diffraction, scanning electron microscopy, energy dispersive X-
Ray spectroscopy will be reported. The comparison of our data with the results
obtained from others such as arc-melting LTP-MnBi will also be presented and

discussed.
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Effect of Mn grinding time on structural, chemical, and magnetic

properties of the Manganese Bismuth prepared by sintering in vacuum
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This report presents the changes of structural, chemical and magnetic
properties of the low-temperature phase manganese bismuth (LTP-MnBi) magnetic

materials as a function of Mn grinding time. The grinding was conducted on the Mn

powder with original average size of more than 400 Wm using the ball-milling
technique. The grinding time was set to be 1-15 hr to obtain different Mn particle sizes
prior to the MnBi synthesis. LTP-MnBi powder was successfully prepared by vacuum
sintering method which was carried out at 275 °C for 12 hours at pressure below
5x10" mbar. Morphology, elemental composition and structure of MnBi powder were
investigated by scanning electron microscopy combined with energy dispersive
spectroscopy, X-ray photoemission spectroscopy and X-ray diffraction. The magnetic
properties were examined using vibrating sample magnetometer. From XRD results,
the MnBi content of up to 87.1% was observed with the increment of several oxides
from 2.4 wt.% to 3.7wt.% as grinding time increases. This is supported by the XPS
results which demonstrate the increment of MnO content on the surface as a function
of Mn grinding time. It is seen that the shape of Mn particles is rather similar in all
grinding conditions consisting of small and big circular shapes. We found that the
average particle size decreases from 30-40 um to 5-6 um at 1-15 hr grinding time,
respectively. The energy product of 1.59-1.98 MGOe was obtained in the MnBi samples
prepared with different Mn grinding time. The saturation magnetization (M,) decreases
from 53.42 to 44.32 emu/g by increasing the Mn grinding time. The unexpected

decrease of Mg which strongly results to the decrease of magnetic performance might
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be explained by the increase of oxides. Oxides on Mn particles could prevent the

diffusion of liquid Bi to form the MnBi during sintering.

Keyword: LTP-MnBi, Permanent Magnet, Sintering in Vacuum, Energy Product,
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Influence of glycerin addition on formation and magnetic properties of

MnBi prepared by vacuum sintering technique
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In this work, we present an alternative method to reduce the Mn particle size
by adding glycerine during ball-milling process. This glycerin addition is expected to
prevent the particle agglomeration in order to achieve the small and non-gathered Mn
particles. The Mn and Bi precursors were fixed at an atomic ratio of 1:1 using Mn
particles which were ball-milled in glycerin between 1 and 6 hr. It seen that the average
particle size decreases from 35-40 um to 15-20 pm after 1 and 6 hr grinding time,
respectively. The low temperature phase MnBi (LTP-MnBi) was prepared by vacuum
sintering technique using sintering temperature of 275 °C for 12 hours under ultra-high
vacuum (=10® mbar). The sintered LTP-MnBi samples prepared from 1 (MnG;Bi), 3
(MnG3Bi) and 6 hr (MnG¢Bi) glycerine-added Mn grinding time were studied by X-ray
diffraction, scanning electron microscopy, X-ray photoemission spectroscopy and
vibrating sample magnetometry. The coercivity value (H.) are 3.95, 2.35 and 0.95 kOe
for (MnG;Bi), (MnG3Bi) and (MnG4Bi) samples, respectively. The saturation magnetization
(My) of MnG;Bi and MnG3Bi are rather similar (~0.18 emu/g) while the M, of MnGgBi is
much higher than those. From XRD result, it is showed that there are a few percentages
of MnBi concentration in all samples implying that glycerin addition could hinder the
MnBi formation. This could be explained by the interruption of diffusion mechanism
during liquid-phase sintering due to the coverage of hydrocarbon groups on Mn
particles. Moreover, from elemental composition analysis, it was found that the MnO

content tends to increase on the Mn surfaces as grinding time increases.
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