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Low-temperature liquid-phase sintering (LPS) in vacuum has been
demonstrated to be a promising method for synthesizing ferromagnetic low-
temperature phase manganese bismuth compound (LTP-MnBi), which is also a
promising rare-earth-free magnetic materials for fabricating high-performance
permanent magnets. The technique requires no extensive post-sintering processing,
and thus is a facile technique for mass production. Powder of LTP-MnBi with coercivity
of about 5 kOe at room temperature has been achieved by a single-step low-
temperature LPS. The highest (BH) . of approximately 5.5 MGOe was obtained for the
MnBi powder sintered at 325 °C. The complex nature of the liquid phase sintering
processes for synthesizing LTP-MnBi was explained. The diffusion mechanism plays an
important role in the formation of LTP-MnBi during LPS. At sintering temperatures
higher than the melting point, Bi powder was melted into liquid before migrating over
the surface of the Mn particles, and along the cracks within the Mn particles. LTP-MnBi
layers were formed when Bi diffuses into the bulk Mn particles from their exterior
surfaces and from interior surfaces of cracks within the particles. The diffusion
coefficient in MnBi was experimentally determined. At temperatures between 275 and
375 °C, the diffusion coefficient follows the Arrhenius equation with the pre-
exponential factor of 5.33 x 1071° cm?/s and activation energy of 0.45 eV. This equation
provides the information to estimate the thickness of LTP-MnBi layers sintered at any
temperature between 275 and 375 °C for a given sintering duration.

The sintered LTP-MnBi exhibits rather interesting changes that the magnetic
performance improved with aging. Both coercivity and energy product were found to

increase by 52% with 18-month aging at room temperature. The enhance in the
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magnetic performance was considered as the increase in the LTP-MnBi content in the
sintered product due to the diffusion. LTP-MnBi is rather stable at room temperature.
However, LTP-MnBi is easily decomposed at 150 °C in air. The decomposition was
caused mainly by oxidation, yielding Mn oxides and Bi. Therefore, the prevention to
expose to air must be taken into account seriously to utilize this material at elevated

temperatures. Capsulating or thin film coating maybe a solution to this problem.
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CHAPTER |
INTRODUCTION

1.1  Background and motivation

Permanent magnets can maintain magnetic flux in the absence of an external
magnetic field. This suggests that a permanent magnet has the potential to generate
energy. They play an important role in modern technology related to energy
conversion (Mohapatra and Liu, 2018). Permanent magnets are commonly used in
everyday life, such as refrigerator magnets. dynamos, motors, sensors, and transducers
as well as storage devices. In modern world, environment becomes important issue.
There are increasing demands for high-performance permanent magnets in
environmentally friendly technologies such as high-performance permanent magnet
motors for hybrid and electric vehicles, performance dynamo for wind turbine, and
future magnetic refrigerators and magnetic air conditioners

Nd-Fe-B and Sm-Co magnetic materials have long popularity over time in the
permanent magnet industry due to their properties superior to other magnetic
materials such as high energy product (BH),n.) and low cost. However, these materials
containing rare earths and thus have obvious disadvantages, such as poor corrosion
resistance, loss of magnetic properties when the temperature rises (Li et al., 2018). In
addition, according to a 2011 US Department of Energy report (Energy, 2010), rare earth
elements, particularly Nd and Sm, are in critical supply. Mining of these elements lead
to environmental problems. To alleviate such problems, rare earth free permanent
magnets are therefore an option. Although the theoretically predicted (BH),,.x values
for rare earth free magnetic materials are less than that of rare earth magnetic
materials, the aforementioned disadvantages of rare earth magnets provide additional
incentives and attract more attention to research and develop rare earth permanent

magnets (Patel, Zhang and Ren, 2018).



Low-temperature phase Manganese Bismuth (LTP-MnBi) is a rare-earth-free
ferromagnetic material with high coercivity and large positive temperature coefficient
(Li et al, 2018; Liu, Wang and Dong, 2018), which are the desired properties for
magnetic materials to be used for producing permanent magnets operating at relatively
high temperature (Yang et al., 2002). LTP-MnBi is also a promising material to be as a
hard phase in permanent magnet nanocomposites (Yang et al., 2002). In the recent
decades, great efforts of many research groups have been devoted to the synthesis of
the single phase LTP-MnBi compound. It has been theoretically predicted that its
(BH)nox could be as high as 17.7 MGOe at 300 K (Park et al., 2014). There has been
reports that the single phase LTP-MnBi nanoparticles could be produced via chemical
techniques with a high remanence ratio (M,/M;) and high coercivity (H,) (Kirkeminde,
Shen, Gong, Cui and Ren, 2015; Liu et al., 2018; Rama Rao, Gabay, Hu and Hadjipanayis,
2014, J. Sun et al,, 2016). Arc-melting or melt-spinning process with subsequent grinding
and thermal annealing has been employed to synthesize relatively high-purity LTP-
MnBi over 90 wt%. The experimental value of the (BH),,., of the magnetically aligned
samples was reported to be 50-86% of the theoretical value with an H. of 7.11-18.2
kOe at room temperature.

It has been demonstrated that MnBi powders with H. values up to 3.4 kOe
could be prepared by sintering at 700 °C under helium ambient (Adams, Hubbard and
Syeles, 1952). There has also been a report that the magnetically aligned MnBi samples
sintered at 1000 °C in an argon atmosphere exhibited a considerable H. of 14 kOe
(Yang et al., 2002). Despite being a simple method, high-temperature sintering still
requires high energy and post-sintering treatments because of the formation of high-
temperature phase MnBi (HTP-MnBi) at temperatures above 350 °C (Jun Cui et al,
2018). Therefore, low-temperature sintering method was applied to avoid such
difficulties. Magnetically aligned MnBi with a reported H. of about 16 kOe has been
produced by sintering at 1000 °C for 10 days under high pressure in an evacuated glass
capsule (Kishimoto and Wakai, 1977). A spark plasma sintering followed by long-term
annealing in argon gas (up to 28 days) was also used to produce MnBi powder with H,

of 5.7 kOe (Ko, Choi, Yoon and Kwon, 2007).



Synthesis of single phase LTP-MnBi by sintering is very challenging due to its
complex phase diagram resulting in segregation of Mn from MnBi during a peritectic
reaction as well as the formation of HTP-MnBi upon cooling down (T. Chen, 1974).
Hence, the unreacted Mn and Bi phases are commonly detected along with the LTP-
MnBi phase (J. Cao et al, 2019). Owing to the low melting point of Bi (~271 °C)
compared to Mn (~1246 °C) (Antonov and Antropov, 2020), the formation of LTP-MnBi
at temperature above the Bi melting point involves the rearrangement of Mn powder
particles in liquid Bi, liquid—solid interactions at the liquid-solid interface and diffusion
of Bi into the bulk. Details of solid-liquid diffusion and isothermal solidification in
several metals in a transient liquid phase during sintering were studied (Corbin and
Mclsaac, 2003). It is natural to explore possible ways in which large-scale MnBi might
be synthesized by exploiting the solid-liquid diffusion mechanism. The minimum
sintering temperature is determined by the eutectic temperature (262 °C, at which Bi-
rich liquid — Bi + MnBi) where the peritectic temperature (359 °C, Mn1.08Bi + Bi-rich
liquid — MnBi) is the upper limit (Si et al., 2019). So, the temperature range between
262 and 359 °C is considered to be optimal between the highest diffusion rate and the
lowest HTP-MnBi formation. Analytical treatment of the sintering process in this
temperature range is difficult because of the coexistence of vapor, liquid and solid
phases: they must treat at once solubility, viscosity and diffusivity (Gupta, Anil Kumar
and Khanra, 2018). But by assuming that the diffusion process is the rate-limiting
mechanism of MnBi formation, recent research has reported that the diffusion
coefficient of 1 x 10" cm?s at an annealing temperature of 300 °C, which was
deduced from the SEM observations of the decrease in size of Mn inclusions in the
bulk LTP-MnBi prepared by arc-melting process (Van Nguyen and Nguyen, 2017). This
value is rather high and, thus, not applicable for explaining the diffusion during MnBi
formation by sintering, which obviously occurs at much smaller formation rate.

It is essential that the magnetic stability is one of the most important factors
shall fully be investigated prior to launching a new type of permanent magnet.
Generally, the magnetic properties were degraded mainly due to the oxidation
(Janotova, Svec, Mat'ko, Jani¢kovi¢ and Sr., 2018; Ly et al., 2014, Villanueva et al., 2019)

and decomposition (Ly et al,, 2014; Sun, Xu, Liang, Sun and Zheng, 2016) upon



experiencing to humidity (Jacobson and Kim, 1987) and elevated temperatures (S. Cao
et al,, 2011; Y.-C. Chen et al,, 2015; J. Cui et al.,, 2014; Zhang et al,, 2014) for an
extended period of time. It was found that the magnetic performance of LTP-MnBi
could be degraded even in ambient atmosphere with different rates depending on its
physical forms or shapes. Sun et al. reported the magnetic degradation in ambient
atmosphere at room temperature of the LTP-MnBi thin film prepared by magnetron
sputtering system. They found a 35% saturation magnetization (M) reduction with
slight coercivity (H.) enhancement after exposure to air for 14 days. These behavoiurs
were explained by the oxidation of Mn and the weakened inter-grain exchanges at
grain boundaries (M. Y. Sun et al,, 2016). Villanueva et al. also reported that the
ferromagnetic property of LTP- MnBi thin film prepared by DC-magnetron sputtering
were reduced for up to 54% and 100% after exposing to the air for 6 days and 4
months explained by the MnBi phase disappearance (Villanueva et al,, 2019). The
dramatic degradation in the melt-spun LTP-MnBi ingot were reported after exposing to
the air for 7 days which were explained by the Mn oxidation leading to the MnBi
decomposition (Ly et al,, 2014). The magnetic phase content of MnBi ribblon flakes
decreases after exposure to ambient atmosphere for 1 year respected to oxidation. A
chemical composition of surface sample was investigated by EDS map. They found Bi-
rich phases segregate after 6 months and the top of master alloy surface is covered
by oxygen layer (Janotova et al., 2018).

Several techniques, such as surface modifications and surface capping, have
been utilized in order to stabilize the magnetic performance of LTP-MnBi. The aim of
such modifications is to prevent the MnBi from oxidation and decomposition. For
example, Sun et al. found that their Ta capped MnBi were significantly more stable
than the bare MnBi. The H.and M, were kept unchanged after 14-day exposure to air
(M.Y. Sun et al,, 2016). The cross-sectional MnBi bulk prepared by zone-melting in a
He atmosphere was studied. It does not slightly exhibit oxidation after exposure to air
more than 1 year due to nearly Mn free-MnBi ingot (Yoshida, Shima, Takahashi and

Fujimori, 1999).



This thesis work focused on the investigation of LTP-MnBi sintered in vacuum
at low temperature. The crystal structure, morphology, and the magnetic properties
of the sintered LTP-MnBi were studied. More importantly, this is the first time to carry
out in-depth investigation of the formation mechanism for LTP-MnBi prepared by low-
temperature sintering in vacuum and thermal stability of the sinter MnBi. It was
expected that the diffusion process is the main factor for controlling the LTP-MnBi
layers formed during sintering. In this work, a new approach was adopted to determine
the diffusion coefficient in sintered LTP-MnBi powder particles from the results taken
by energy dispersive spectroscopy (EDS) line scan measurements of cross-sectional
MnBi powder particles. The long-term magnetic stability at room temperature and
decomposition at elevated temperature of the vacuum sintered LTP-MnBi samples
were also investigated for the first time. The details of magnetic properties, crystal
structure and chemical composition were obtained by various material characterization

techniques.



CHAPTER Il
LITERATURE REVIEWS

This chapter provides information as the background for the investigations of
formation and magnetic properties of LPT-MnBi, long-term thermal evolution at room
temperature of magnetic properties, and decomposition of LTP-MnBi at elevated
temperature. Since hysteresis loop (M-H curve) is generally used for describing
magnetic properties, thus, it will be first mentioned. The information of MnBi such as
phase diagram and crystal structure are provided. Different synthesis techniques for
MnBi, including liquid-phase sintering (LPS) used in this thesis work, are described. Most
importantly, the 1°" order diffusion law is given as the basis for explaining the formation

of LTP-MnBi during LPS.

2.1 Ferromagnetic materials and hysteresis loop

Among various types of magnetism, ferromagnetism is the strongest type. More
importantly, ferromagnetic materials are the materials which exhibit a spontaneous
net magnetization at the atomic level, even without an external magnetic field. These
materials could attain permanent magnetism. This property is of great importance for
fabricating of permanent magnets, which are widely used in many different kinds of
devices such as an electric motor, generators, loudspeakers, magnetic sensors,
magnetic stripe at the back of credit cards.

Magnetism of magnetic materials can be explained by a concept of magnetic
domain. This magnetic domain or domain is a small region with all atomic dipoles
pointing in the same direction when the materials are in the unmagnetized state. Thus,
each domain exhibits a net magnetic moment even though there is no external
magnetizing field. There are many domains in magnetic materials. The magnetic
moments of the domains are oriented in opposite directions in such a way that they

cancel out, resulting that zero net magnetic moment of the material.



When an external magnetic field is applied, all magnetic domains in
ferromagnetic materials align themselves in the direction of the applied field.
In this case, the material is strongly magnetized in a direction parallel to the
magnetizing field, as shown in Figure 2.1. It is well understood that ferromagnetic
materials are strongly magnetized in the direction of the field when placed in an
external magnetic field. Therefore, ferromagnetic materials strongly interact with
magnetic field, or are attracted to a magnet. The ferromagnetic materials will retain
their magnetization for some extended duration even after removing the external

magnetizing field. This property is called hysteresis.
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Figure 2.1 A magnetic material with random domain orientation and aligned domain

orientation by magnetization.

Magnetic properties of magnetic materials are, in general, described by a graph
showing the relationship between magnetic flux density (B) and magnetic field intensity
(H), as shown in Figure 2.2. This is known as an induction hysteresis loop or B-H curve
or M-H curve, where the magnetization M = B/ - H and p is the magnetic permeability.
The graph shows the changes from the beginning where the material has no magnetic
flux (B is zero) and the magnetic field H is zero. As the magnetic material is magnetized,
the H magnetic field increases, the magnetic flux B will increase along the dotted line
until H reaches a certain value and the value B will not increase again, that is the
magnetization reaches the saturation point is reached (position 1 in the figure). When
the magnetic field H is reduced to zero, the value of magnetic flux B has decreased

accordingly. The path from position 1 to position 2 can be seen that the value B has



a non-zero value called retentivity or remanence (B,). After the field H is changed in
the opposite direction, the magnitude of the field H is gradually increasing, the
magnetic flux B decreased along the path from position 2 to position 3. At position 3,
the magnitude of the magnetic field H was equal to H,, which is called coercivity. H,
is the magnetic field value that eliminates the magnetic flux (B=M=0) in the magnetic
materials. If the field value H continues to increase further, this will cause a change in
the direction of magnetic flux B in the opposite direction and will increase in magnitude
along the path from point 3 to point 4, at which the saturation occurs that is, the
magnetic flux B will not increase even if the magnitude of the field H increases further.
The change in magnetic flux B due to the change in magnetic field value H from
position 4 back to position 1 follows the same manner as the change from position 1

to position 4.
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Figure 2.2 A hysteresis loop of ferromagnetic materials.

The explanation of the hysteresis loop of ferromagnetic materials can be
clarified by using the model of magnetic domains in the materials, as shown in Figure
2.3. At demagnetization state, the magnetic domains are randomly aligned with net
magnetic flux or magnetization to be zero, at the origin of the graph where B (or M) =

H = 0. When an applied magnetic field H is applied to ferromagnetic materials, the



changes in the shapes of the magnetic domains occur. Increasing magnetic force leads
to a growth of favorable domains and shrinkage of unfavorable domains. The domain
grown by domain wall movement while the magnetic moments in the domains remain
unchanged. With small magnitude of the H field, the original shapes of the domains
could be restored when the H field is removed. This region of the H field still allows
reversible magnetic domain wall motion. However, when the H field exceeds a critical
value, the magnetic domain wall motion is irreversible. That is the original shapes of
the domains cannot be restored when the H field is removed. Further increase of the
H field causes the rotation of the magnetic moments in the domains, called
magnetization rotation. The magnetization forces the magnetic moment to align with
the H field. It is noted that the energy required for the domain growth is less than the
magnetization rotation energy. Up to the saturation magnetization, all magnetic dipoles
are aligned with the H field resulting in a single magnetic domain with magnetic

moment in the same direction of the H field.
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Figure 2.3 Dependence of a rotation magnetic domain with an external magnetic field

(Akagi, 2019).
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High performance permanent magnets exhibit a high magnetic field (high
retentivity or remanence) and high coercivity, results in a high maximum energy
product, (BH)nax Which is an performance indicator for permanent magnets (Kramer,
McCallum, Anderson and Constantinides, 2012). The development of magnetic
materials to increase the performance or (BH),., value of permanent magnets is shown
in Figure 2.4. It is obvious that, for over 50 years, high performance permanent magnets
are produced from rare earth materials. These magnets include samarium-cobalt (Sm-
Co) magnets and Nd-Fe B (NIB) magnets prepared by mixing neodymium (Nd), iron (Fe)
and boron (B). Up till now, the Nd,Fe;4,B magnetic compound still has the highest
(BH)max Value of nearly 60 MGOe (Mohapatra and Liu, 2018), and is a widely used for

producing permanent magnet.
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Figure 2.4 Development of magnetic materials for fabricating permanent magnets in

the last 100 years (Mohapatra and Liu, 2018).

2.2 Properties of LTP-MnBi

2.2.1 Crystal structure
Mn is a 3d transition element with atomic number of 25. It exists in nature with
different oxidation states, i.e., 0, +2, +3, +4, and +7. While Bi is a large atom with atomic

number of 83 and plausible oxidation states of 0, +3 and +5. The electron configuration
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in ground state of Mn and Bi are 1s%, 2s?, 2p%, 3s?, 3p°, 4s?, 3d° and 1s?, 2s?, 2p°, 357,
3p°, 4s?, 3d™, 4p®, 5s?, 4d'°, 5p°, 652, 4f?, 5d1°, 6p® respectively. Normally, metallic Mn
is an antiferromagnetic at room temperature. However, when formed with other
elements, the compounds become a strong ferromagnetic material (Jun Cui et al,,
2018). Pure Bi is a non-magnetic material. The magnetic property of Bi is sensitive to
its purity. Mn is more chemically reactive to oxygen than Bi (Villanueva et al., 2019).
LTP-MnBi compound (a -MnBi or MnsoBis, ) has the hexagonal NiAs (P6s/mmc) structure
with a unit cell parameters a = b= 4.290 A and ¢ = 6.125 A (@ = B = 90°, y = 120°
respectively) at room temperature (Jun Cui et al., 2018). The crystal structure of LTP-

MnBi is graphically shown in Figure 2.5 (Bandaru, Sands, Weller and Marinero, 1999).

Magnetic exchange coupling in MnBi leads to strong ferromagnetism. A coupling
strength was influenced by the coupling intensity, which can be explained by Beth-
Stater curve (Vuong, 2019). The coupling strength depends on the ratio A between the
interatomic distance and radius of d-shell (3-d orbital) of Mn atoms in the unit cell.
For pure Mn (antiferromagnetic), the A value is just below 1.5. This implies that
increasing the separation between Mn atoms will favorably alter the ratio A and leading
to ferromagnetism. This evidence is realized by alloying Mn with Bi and the MnBi alloys
become ferromagnetic. Based on reported data, the critical Mn-Mn distance is 2.83 A
to induce ferromagnetism in the MnBi alloy (Vuong, 2019). Mn atoms can be easily
oxidized in LTP-MnBi due to unpaired electrons in 3d orbits (Huang, Shi, Hou and Cao,
2019).

‘ Mn - octahedral

? Mn - bipyramidal

Figure 2.5 Crystal structure of LTP-MnBi (Bandaru et al., 1999).
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The crystal structure of LTP-MnBi can be changed with increasing temperature
to HTP, leading to a different magnetic behavior. LTP-MnBi displayed crystal structure
of NiAs-hexagonal structure, exhibited a ferromagnetic behavior (Roberts, 1956) while
HTP-MnBi (temperature > 628K ) was a disordered Ni,In-hexagonal structure with
paramagnetic behavior (Vuong, 2019). The HTP-MnBi (B-MnBi) is Mn, »3Bi; gg With space
group of Pmma at 630K. The lattice parameter of is a =5.959 A, b = 4.33 A and ¢ =
7.505 A (@ = B = y = 90°), respectively (Jun Cui et al., 2018).

Jensen et al. (2019) reported the lattice parameter and phase fraction of MnssBigg
alloy prepared in melted-spinning with different processing step, which calculated
from Rietveld refinement of XRD pattern as show in Table 2.1. The instance of Rietveld
refinement was obtained by XRD pattern of MnssBizs annealed ribbon pieces at 290 °C
for 5 days are shown in Figure 2.6. The content of LTP-MnBi, Bi and MnO, are 98.2 wt9%,
0.5 wt%, and 1.2 wt%., respectively.

Y. B. Yang et al. (2013) revealed a refined structural parameter and magnetic
moment of MnBi with various annealing temperatures from 10 to 700K, as provided in
Table 2.2. These results were measured by the neutron diffraction technique. They
found that the lattice constants increase with increasing temperature. The highest ¢/a
lattice parameter ratio is 1.433 at 600K. The nearest distance of the Mn-Mn bond is
from 3.038 A to 3.082 A, which is larger than 2.754 A for the Mn element.

Table 2.1 Summary of Rietveld analysis on Mns,Bigg alloy prepared in melted-spinning

with different processing step (Jensen et al., 2019).

Processing a,b(A) c () MnBi fraction Bi fraction Fitting
step (wt) (wt) o
Amnealed  4.28172(10)  6.11311(17) 0.9687(1) 0.0313(15)  10.620
ribbon

Ballmilled  4.28303(20)  6.11004(34) 0.9245(8) 0.0755(68)  3.808
powders

Annealed  4.28133(13)  6.1108121)  0.98501(7) 0.014928) 7399

powders
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Figure 2.6 Rietveld refinement of XRD pattern for annealed Mns,Bigg ribbons (Jensen

et al.,, 2019).

Table 2.2 Refined structural parameters and magnetic moment of MnBi with various

annealing temperatures from 10 to 700K (Y. B. Yang et al., 2013).

T a, b (A) c(A) cla Vv (A3 Mn-Mn Moment B
(K) Cell) (A (15)°
10 4.26902 6.07612 1.42331 95.899 3.0381 3.997 89.135

100 4.27364 6.09014 1.42505 96.328 3.0451 3.798 9.587
200 4.27831 6.10269 1.42643 96.738 3.0513 3.813 4.036
300 4.28541 6.12296 1.42881 97.381 3.0615 3.503 1.138
400 4.28952 6.13703 1.43072 97.793 3.0685 3.463 6.288
500 4.29531 6.15241 1.43325 98.302 3.0762 3.109 6.480
600 4.30072 6.16491 1.43346 98.751 3.0825 1.411 34.37
700 4.30919 6.17521 1.43303 99.306 29279 - -

2 The nearest Mn-Mn distance.

b Magnetic moment per Mn atom.
¢ B indicates the angle between the magnetic moment of Mn atom and the

c-axis.
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2.2.2 Magnetic property

2.2.2.1 Coercivity (H.)

There are several studies on temperature-dependent coercivity (H,).
Some reports revealed annealing temperature effects on the magnetic properties,
while others reported temperature-dependent magnetic properties during VSM
measurements. For example, magnetic properties are influenced by various annealing
temperature (Y. B. Yang et al., 2013). They prepared MnBi by melted-spinning under
Ar. The MnBi ribbons annealed at difference temperatures. They found the
temperature dependence on the H, of MnBi with a different grinding time, as seen in
Figure 2.7. The highest H. of MnBi with grinding time for 7 hr due to the reduction of
MnBi powder, which close to single domain size of MnBi 250 nm. Moreover, the highest
H.of 1.2 T at room temperature after grinding time for 7 hr (see in insert of Figure 2.7).
The all H, of two samples exhibited a positive temperature coefficient and the highest

H.of 2.5 T at 540K and decreased slightly to 1.8 T at 610K.
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Figure 2.7 Temperature-dependent coercivity of anisotropic MnBi powders ground for
3 hrs and 7 hrs The Insert shows M-H curves of MnBi powder with a different grinding
time at 300K (Y. B. Yang et al., 2013).
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Temperature-dependent magnetic properties during VSM measurements. Jun
Cao et al. (2018) demonstrated the temperature dependent on demagnetization
curves of anisotropic MnssBigs and MngBisg bonded magnets prepared by melted-
spinning at 673K for 30 min. The resin bonded MnBi magnet was aligned with a
magnetic field of 1.8T. Figure 2.8 shows the coercivity increases with increasing sample
temperature. The H, of anisotropic MnssBiss (MNngoBigy bonded magnets) increases from
12.00 kOe (13.89 kOe) at 300 K to 17.26 kOe (18.36 kOe) at 380 K, respectively. The

positive temperature coefficient of coercivity respond to the elevated coercivity.

(a) ?0 5 18 . (b) 8“ 50 19 =
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Figure 2.8 Demagnetization curves of (a) anisotropic MnssBigs and (b) MnBigy bonded

magnets under various measured temperatures (Jun Cao et al., 2018).

Additional, Huang et al. (2019) reported the temperature dependence on the
M-H curves of MnBi ingot at 535 K for 8 hr, as shown in Figure 2.9, and the extracted
magnetic properties of H,., and J,, as givenin Table 2.3. The H. of MnBi increases with
increasing temperatures. The highest H. of 21.97 kOe at 500 K is due to the positive
temperature coefficient of coercivity. At 600 K, H. of MnBi is 15.96 kOe but the shape
of the M-H curve with paramagnetic pattern. The ferromagnetic LTP-MnBi transformed

to the paramagnetic of HTP-Mn; osBi when the temperature is increased to 650 K.
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Figure 2.9 Temperature-dependent M-H loops of MnBi ingots annealed for 8 hrs at
535K; the inset shows the M-H loops acquired at 650K (Huang et al., 2019).

Table 2.3 The coercivity of MnBi ingot at different temperatures.

Temperature 300K 350K 400K 450K 500K 550K 600K

H,; (kOe) 7.11 11.01 15.07 17.28 21.97 19.06 15.96
J, (emu/g) 9.9 9.8 9.1 7.0 3.3 5.3 7.3

2.2.2.2 Energy product (BH),ax
(BH) 0y is the maximum amount of magnetic energy stored in a magnet.
The magnetic performance of LTP_MnBi depend on morphology, microstructure,
particle size, and LTP-MnBi content, which are related to the preparation technique,
production process and controlled environment (Borsup et al., 2022). Y. B. Yang et al.
(2012) prepared MnBi by melted-spinning at various annealing temperatures (473-773K)
and followed by griding. The MnBi power was boned with an epoxy resin, and aligned
in a magnetic file of 1.5 T. They found the (BH),,ox Of the magnet was 7.1 MGOe at
room temperature.
Kim et al. (2017) produced the MnBi bulk by melted spinning (the 98 wt% of
content MnBi). The MnBi ribbons were coarsely ground and annealed at 300 °C under
vacuum for 20 hr, and then magnetically separated. The MnBi particle was ground

again by ball milling (time = 1, 2, 2.5 hr) and jet milling method.
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The fine MnBi powder was compressed with magnetic alignment of 2 T and then the
obtained MnBi bulk was sintered at 280°C. They found the highest (BH),,ox Of 7.3 MGO
at 280 °C for the 1 hr ball milled sample.

Y.-C. Chen et al. (2016) prepared MnBi by arc-melting at 300 °C under vacuum
for 1-3 days and then took the sample to ball milling at room temperature for 2-12 hr.
After that the sample was magnetically separated and pre-aligned at 1.8 T in cylinder
die mode with hot compaction in vacuum (473K, 523K, 573K for 5 mins). They found
the maximum (BH),o, is 15.08 MGOe at room temperature, which is close to the
theoretical (BH),,ox value (Park et al., 2014). The report (BH)q of magnetic aligned
samples was 50-86% as compared to theoretical value and the H. was 7.11-18.2 kOe
at room temperature (J. Cao et al., 2019; Huang et al., 2019; Kim et al., 2017; X. Li, Pan,
Zhen, Lu and Batalu, 2019; Y. B. Yang et al,, 2012)

Park et al. (2014) studied temperature dependence of the (BH),. of the
theoretical compared with the (BH),.x Of experimental LTP-MnBi and Nd-Fe-B, as
shown in Figure 2.10. A formular is (BH)..x = B,>/4 was estimated in this work. They
found MnBi increased from 1.7 MGQOe at 100 K to 18.7 MGOe at 250 K and then slightly
decreased to 6.2 MGOe at 600 K. The calculated (BH),,.x at 300 K is 17.7 MGOe, with is
similar to the (BH),,.x of directionally solidified LTP MnBi (17 MGOe at 290 K). The
sintered MnBi magnet shows (BH),,., values of 7.8 MGOe and 5.8 MGQOe at 300 K. The
experimental values of all (BH),. are smaller than the estimated values. This was
suggested to be the result from the imperfect rectangular demagnetization curve.
Moreover, the calculated (BH),ax Of LTP-MnBi at 500K is 10.9 MGQOe, which has higher
value than that 2 MGOe of Nd-Fe-B, indicating that LTP-MnBi is a g¢ood permanent

magnet for high temperature applications.
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Figure 2.10 Temperature dependence of the theoretical (BH) ., compared with the

experimental (BH),,qx of LTP-MnBi and Nd-Fe-B (Park et al., 2014).

Additionally, the tendency of experimental (BH) . of the resin bonded MnBi
powder show the similar tendency as a previous tendency of the theoretical (BH) jax
from 300K to 450K (S. Cao et al., 2011). At elevated temperatures, the (BH),,.x increased
and gradually decreased from 2.25 MGOe at 298K to 1.6 MGOe at 423K, as show in
Table 2.4.

Table 2.4 Summaries magnetic properties of MnBi (M), NdFe (N) and MnBi/NdFeB (H)
with 20 wt% bonded magnet at different temperatures (S. Cao et al., 2011).

298 K 323K 33K 423 K

N H M N H M N H M N H M

Br(kGs) 6.24 6.55 2.82 6.18 6.02 2.74 5.8 557 2.65 5.37 501 247
Hei(kOe) 9.68 9.31 14.93 8.13 8.17 15.4 7.12 6.77 21.29 5.62 591 16.2

(BH)pax 9.97 9.74 2.25 807 7.76 1.93 621 6.76 2.06 3.67 5.71 1.6
(MGOe)
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2.2.2.3 Curie temperature

Curie temperature is temperature above at which some materials lose
their permanent magnetic properties. For a ferromagnetic material, it transforms to
paramagnetic at temperature above the Curie temperature. Ferromagnetic LTP-MnBi
can be transformed into HTP-paramagnetic MnBi at 628 K, the magnetization was
dramatically dropped at 628 K (Park et al., 2014). This value of Curie temperature of

LTP-MnBi is slightly smaller than the previous reported value of 633 K (Jun Cui et al,,
2018).

2.3 Synthesis techniques for LTP-MnBi

In practice, synthesis of single-phase LTP-MnBi is technically difficult due to the
huge difference in the melting points of Mn (1246 °C) and Bi (271 °C). The main
problem is the dissociation of Mn due to the effect of the peritectic reaction between
Mn and Bi. From the Mn-Bi phase diagram, as shown in Figure 2.11, peritectic reactions

result in the formation of LTP-MnBi with an always excess of Bi (Truong and Nguyen,

2015).
<
140c 1 1 L 1 L 1 1 1 L l;
/ Li+ L. e T
1235 ; :E.,
1200
/ 1138 PN
/-
L 1100
10004 =k
L=
L goo] 3
= 727
©
3
[} =
= @
g 446
c -
4004 / 355 = 340
ﬂ}/ 262
2004 € b 3
B =
—_ [= =
<) s =
T S S ————— - ————
0 10 20 30 40 50 60 70 80 90 100
Bi at. % Mn

Figure 2.11 Mn-Bi phase diagram (J. Cui et al., 2014).
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Figure 2.11 shows Mn-Bi phase diagram, corresponding with a various ratio of
atomic percentage of Mn and Bi and temperature. This figure defined the atomic ratio
of Mn:Bi (50:50 at%). The formation of MnBi occurred from the heating temperature
over to the melting point of Bi. The peritectic reaction (1,2) and eutectic reaction (3,4)
can explain MnBi formation at low temperatures phase to high temperature phase are
summarized below.

1) At 628K (355 °C) upon heating, a-MnBi Mn; g Bi+ Bi rich liquid

3) At 613K (340 °C) during cooling Mn; g Bi

—
2) At 719K (446 °C) upon heating  Mn;ogBi —> Mn + Bi rich liquid
—> o-MnBi +Mn
—

4) At 535K (262 °C) during cooling, MnBi + Bi Bi-rich liquid

The ferromagnetic to paramagnetic transition upon heating to 628 K and
paramagnetic to ferromagnetic transition upon cooling to 613K, corresponding to phase
decomposition of (1) a-MnBi —>Mnj og Bi+ Bi rich liquid and (3) Mnj g Bi — a-MnBi
+Mn (Tu and Stutius, 1974). The minimum sintering temperature at LTP is determined
by the (4) eutectic temperature and the (1) peritectic temperature (262 °C, Bi-rich liquid
— Bi + MnBi) where the peritectic temperature (359 °C, Mn og Bi + Bi-rich liquid —
MnBi), The 340 °C is the limited temperature at LTP (Borsup et al., 2022).

The phase diagram of the Mn-Bi system near the compound MnBi was studied
with single crystals in the as=grown and heat-treated states. The results show that the
high-temperature phase of MnBiis in fact a separate compound with chemical formula
Mn g Bi, when grown from a Bi-rich solution. It was found that the transformation of
MnBi at 355 °C upon heating is associated with a peritectic decomposition of MnBi into

Mni g Bi +liquid, and the transformation at 340 °C upon cooling of the high-
temperature phase is the result of decomposition of Mny g Bi to MnBi+Mn (T. Chen,

1974).

This challenge led to the development of techniques for synthesizing single
phase LTP-MnBi magnetic particles. The commonly used techniques are summarized

as follows.
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2.3.1 Chemical reaction method

Nanoparticles may be synthesized by chemical technique with different
processes such as, mechanochemical process, metal-redox method, facile aqueous
solution method and wet chemistry reduction process. The advantage of chemical
technique is an ease to produce MnBi nanoparticles, which exhibit high coercivity
approaching the theoretical value. The drawback for this technique is the difficulty to

upscale for mass production.

Rama Rao, Gabay, Hu and Hadjipanayis (2014) reported MnBi nanoparticles with
size in a range between 100 and 300 nm. The particles were synthesized from a mixture
of Bi,O3; and Mn powders in the process of Ca reducing element (Bi,O; + 2 Mn+3Ca =
2MnBi + 3Ca0) by mechanochemical process. The materials from the reaction were
then ground by using high-energy ball milling under Ar atmosphere for 4 hr. A two-step
annealing has been used. In the first step, the sample was annealed at 1075K for 10
min and quenched, while the second step the sample was annealed at 575K for 15
hr. The heat-treated powders were washed to remove CaO and unreacted reactants
with deionized water and 1 vol.% aqueous solution of acid and ethanal. Magnetic
hysteresis loops (M-H hysteresis) of the field alighed powders were measured by VSM
after magnetizing in a pulse field of 80 kOe. Temperature dependence of the
magnetization was measured under a bias magnetic field of 1000 Oe. The nanoparticles
exhibit high remanence ratio (M,/M,) of 0.94 and high coercivity (H.) of 16.3 kOe at
room temperature.

Kirkeminde, Shen, Gong, Cui and Ren (2015) reported MnBi nanoparticles by
metal-redox method with size in a range between 5d4and 288 nm, the M-H hysteresis
loop of the magnetic aligned MnBi nanoparticles display the saturation magnetization
(My) of 49 emu/g, the remnant magnetization (M,) of 43 emu/g, and coercivity (H.) of
15 kOe.

J. Sun et al. (2016) reported Mn-Bi@Bi magnetic nano particles prepared by a
facile aqueous solution method. The obtained MnBi exhibits a saturation magnetization
(M,) of 2.37 emu ¢!, coercivity (H,) of 8 kOe at 5K and superparamagnetism at 300K.

Liu, Wang and Dong (2018) reported the sintering of a mixture of Mn and Bi

nanoparticle synthesized by a wet chemistry reduction process.
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Mn and Bi nanoparticle were mixed with hexane (ratio 1:1) and annealed at 250 °C
under Ar atmosphere. The annealing time was controlled to be 2, 4, 6 and 8 hr. M-H
hysteresis of the magnetic field aligned up to 3 T were measured by VSM. The

coercivity is more than 8 kOe for the sample with annealing times of 6 and 8 hr.

2.3.2 Arc-melting or induction melting method

Arc-melting is used for melting metals (alloy) by an electric arc struck between
a tungsten electrode and metals placed in copper hearth. Induction heating is the
process of heating by electromagnetic induction, through heat generated in the
electrically conducting object by eddy currents.

Zhang et al. (2011) reported the study of bulk nanostructural Mnyqq., Bi, (x= 40, 45,
52) permanent magnets (~93 wt%) prepared by spark plasma sintering technique (SPS).
The bulk Mnyq., Biy was prepared by induction melting. The ingots were annealed at
573K for 10 hr, and then crushed and ball milled for 4 hr in a high-energy ball mill.
Using spark plasma sintering techniques, the samples were sintered at 573K with a
heating rate of 50 K/min. The obtained product was MnssBigs magnet exhibiting
coercivity of 12 kOe at room temperature. The MnggBis, magnet shows a rather high
coercivity of 19 kOe at 423K. MnggBis, magnet is composed of fine and uniform grains
with an average size of 140 nm.

Rama Rao, Gabay and Hadjipanayis (2013) reported the investigation of an MnBi
magnet prepared by hot compaction. The MnBi ingot was prepared by arc-melting.
The ingots were annealed at 573K for 24 hr, and then crushed and ground by low
energy ball milling (LEBM), the milled powders were compacted with aligned magnetic
field of a 1.8 T and the green compacts were placed to hot compaction at 593K for
10 min. VSM was employed to study the magnetic properties after magnetizing in a
pulse field of 80 kOe. Highly anisotropic MnBi powders show very high remanence ratio
(M/My) of 0.97, coercivity (H.) of 11.7 kOe and maximum energy product (BH),qx of 9
MGOe. The bulk magnet could be fabricated with high M,/M; ratio of 0.91 and a (BH),,ax
of 5.8 MGOe at room temperature. The H, of the bulk magnet increases linearly from

6.5 kOe at 300K to 28.3 kOe at 530K with a (BH),,.x of 3.6 MGOe at 530K.
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P.-K. Nguyen, Jin and Berkowitz (2013) reported the study of bulk polycrystalline
of LTP-MnBi (Mn; o Bi) prepared by induction melting and subsequent annealing at 300
°C for 96 hr. The sample was measured by VSM. The M-H loop shows a saturation
magnetization (M,) of 73.5 emu/g in 70 kOe and coercivity (H.) of 50 Oe at 300 °C.

V. V. Nguyen et al. (2014) reported the study the effect of milling on the
properties of MnBi magnet. Low-temperature (- 120 °C) and low-energy ball-milling
(LTLEBM) was employed to produce powders of MnBi from the ingots of MnBi (~97
wt% ) prepared by arc- melting. After milling, the powders were sintered in vacuum at
300 °C. The milled powders were aligned in an 18 kOe field and fast-warm compacted
by a pressure of 100-250 MPa at 300 °C for 5-20 min. The magnetic properties were
measured by physical property measurement system (PPMS) with a maximal measuring
field of 90 kOe at different temperatures. After LTLEBM, the coercivity of the MnBi
powder was found to increase from 1 kOe to 12 kOe. The bulk magnets have a
maximum energy product of 7.8 MGOe and coercivity of 6.5 kOe at room temperature.
When the temperature is increased to 475K, the coercivity increases to 23 kOe.

J. Cui et al. (2014) reported the study of MnBi permanent magnets (>90%) made
from MnBi powder prepared arc melting followed by grinding (mortar and pestle),
annealing (at 563 K for 24 hr) and ball milling. The powders were aligned using DC or
pulsed magnetic field and the obtained green compact was sintered at 530K for 30
min. The produced powder exhibits saturation magnetization (M;) of 74.6 emu g at
room temperature with 9 T applied field. After alignment, the maximum energy
product of the powder reached 11.9 MGOe, and that of the sintered bulk magnet
reached 7.8 MGOe at room temperature. A comprehensive study of thermal stability
was carried out. MnBi powder was found to be stable up to 473K in air.

Poudyal et al. (2016) reported the study of MnBi magnet made from MnBi
prepared by arc-melting and subsequent sintering. High LTP-MnBi content up to 98
wt% was obtained by arc-melting followed by grinding and sintering around 573K. This
work used low-temperature ball-milling to produce MnBi powder before a warm
compaction technique to produce a magnet. Before low-temperature ball-milling, the
starting MnBi powders have the size ranging from 20 to 75 pm and coercivity of about

2-3 kOe. After milling down to 1-7 pm particle size, the coercivity was increased
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above 12 kOe. The as-milled powders were aligned with a magnetic field of 2 T then
subjected to a fast-warm compaction (573K for 10-60 min) with average size about 50
nm. Using PPMS with a maximal measuring field of 9 Tesla at different temperatures
(300 to 400K), the magnet was found to exhibit a maximum energy product of 8.4
MGOe and a coercivity of 6.2 kOe at room temperature. Magnetic characterization at
elevated temperatures showed an increased coercivity to 16.2 kOe while energy
product value decreased to 6.8 MGOe at 400K.

B. Li et al. (2018) prepared MnBi powder with composition to obtain Mns,Biso by
arc-melting, subsequent annealing and followed by ball milling. The ingot was
annealed at 573K for 10, 15, 20, 25 hr. The ingot heat treated at 573K for 25 hr was
crushed and sieved. Obtaining initial particles with average size of ~ 75 um and then
LEBM was conducted for 2,3,5 hr using a home-made rotary milling machine with a
rotation speed of 150 rpm. An average particle size of approximately 2 um could be
obtained after ball-milling of 2 hr, small size of 1 um was obtained when extending
ball milling time to 5 hr. The as-milled powders were mixed with epoxy resin and
aligned in a mold under a magnetic field of 1.8 T at room temperature to obtain
anisotropic powder. The content of LTP MnBi increases with annealing time and the
coercivity increases with milling time. The magnetically alisned 2-hr-ball-milled MnBi
exhibits optimal magnetic performance with M, of 55.1 emu/g, H, of 14.1 kOe, and a
high ratio M,/M; value of 96.2%.

Huang et al. (2019) prepared MnggBiso alloys by arc melting and subsequent heat
treatment under Ar atmosphere. The temperature and annealing time were in the
range of 535-613K and 6-12 hr, respectively. High-energy ball milling was conducted
for 0.5-8 hr in a hardened stainless-steel with a rotation speed of 200 rpm. VSM
measurement with aligned- field of 9T show coercivity of 7.11 kOe at 300K and 21.97
kOe at 500K.

2.3.3 Melt spinning or rapid solidification
Melt spinning or rapid solidification is a technique to form thin ribbons of metal
or alloys. A melt spinning process involves casting molten metal by jetting it onto a

rotating wheel or drum, which is cooled internally, usually by water or liquid nitrogen.
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The first demonstration of high performance large sized MnBi permanent
magnets was studied by Kim et al. (2017). MnBi ribbons were synthesized by melt-
spinning of arc-melt MnBi molten. MnBi ribbons were cold-pressed and annealed at
300 °C for 20 hr in vacuum. The pressed sample was ground by ball- milling and jet-
milling. Magnetic separation was employed to obtain pure magnetic phase of 98 wt%.
The MnBi powder was compressed with aligned magnetic field of 2 T and then sintered
at 280 °C for 10-20 min under vacuum. The highest maximum energy product (BH)
of 7.3 MGOe was obtained.

J. Cao et al. (2018) synthesized MnBi powders from MnBi ribbons prepared by arc-
melt-spinning on a surface of a rotating copper wheel in argon atmosphere. The
ribbons were annealed at 673K for 30 min in vacuum and ball milling for different
durations (0.5-28 hr). MnBi powders were then treated by spark plasma sintering (SPS).
The magnetic properties were measured by VSM with maximum aligned field of 9 T.
The optimum conditions result in MnBi powders with M, = 26.0 emu/g, H.= 7.11 kOe
and (BH)ax =1.53 MGOe at room temperature, and a maximum value H, = 25.37 kOe
at 550K.

X. Li et al. (2019) synthesized MnssBi4s ribbons by melt spinning of the MnBi molten
produced by induction melting in argon gas. Annealing ribbons at 573K for 30 min in
vacuum and milling by LEBM and SALEBM (Surfactant assisted low-energy ball milling)
were carried out after melt-spinning. The milled MnssBiss powders were mixed with
epoxy resin and aligned in a magnetic field of 1.8 T. Using PPMS to measure the
magnetic properties with a maximum aligned field up to 30 kOe, it was found that
MnssBigs powders obtained by SALEBM have better particle size uniformity and show
higher decomposition of LTP MnBi. The coercivity of 17.2 kOe and the saturation
magnetization (M,) of 16 emu/ ¢ were obtained when Mn;ssBiss powders milled about
10 hr by SALEBM. The maximum of 18.2 kOe at room temperature, and 23.5 kOe at
380 K were observed after 14 hr of LEBM.

J. Cao et al. (2019) fabricated resin-bonded MnBi magnets from melt-spun MnBi.
First, Mn,Bi;g0_, (x=45, 55, 60) ribbons were prepared by melt-spinning of arc-melting
molten in argon atmosphere. The ribbons were ejected to the surface of a rotating

copper wheel and heat treatment at 673K for 30 min in vacuum. MnBi powders were
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obtained by using ball milling (SABM) for 0.5-28 hr at room temperature. Anisotropic
bonded MnBi magnets were fabricated by compression molding of MnBi powder/epoxy
resin under a magnetic field of 1.8 T. Using VSM with a maximum aligned field of 9 T,
the optimum anisotropic bonded magnet was found displaying the maximum energy
product (BH) ,ax of 9.06 MGOe at room temperature, and 7.05 MGOe at 380 K, and

coercivity of 15 kOe at room temperature.

2.3.4 Sintering

Sintering is a processing technique used to produce materials by applying
thermal energy. Adams, Hubbard and Syeles (1952) was the first to report MnBi magnet
prepared by hot pressing of sintered MnBi. Sintering was taken placed at 700 °C.
Subsequent grinding with high-speed harmer mill was carried out in He atmosphere.
Magnetic separation was carried out to obtain pure magnetic MnBi material. The
powders were under compaction at 300 °C and a magnetic field of 2 T. Some MnBi
compacts showed a maximum energy product (BH),,.. of 4.3 MGOe, a coercivity of 3.4
kOe and a residual flux density (B,) of 4.3 kG.

Kishimoto and Wakai (1977) synthesized MnBi particles by ball milling of
sintered MnBi. Sintering was carried out at 265 °C for 10 days. The sintered MnBi
powders was obtained by ball milling. At 300K, the coercivity was found to be only
550 Oe. After milling for 24 hr, the coercivity was increased to 16 kOe. At 85K, the
coercivity was about 80-400 Oe for ball milling time as 1, 2, 8, and 24 hr, very low
comparing to that obtained at 300K.

J. B. Yang et al. (2002) fabricated MnBi resin-bonded magnets from magnetic-
purified sintered MnBi. MnBi resin bonded magnets exhibited coercivity of 14 kOe and
energy produce of 7.7 MGOe (61 kJ/m?) at 300K, and coercivity of 20 kOe and energy
produce of 4.6 MGOe (61 kJ/m°) at 400K.

Ko, Choi, Yoon and Kwon (2007) fabricated Mn 4,4 Bi (0.0<x>0.5) magnets from
mechanically MnBi (MA) alloyed powers using spark plasma-sintering process. Total
mass of 20 ¢ was weighted for Mny,yx Bi and milled in a planetary ball mill under Ar
atmosphere for MA. Milling was done in two steps. Rather hard small balls of mixture

of Mn and Bi powder were obtained by milling for 120 min at 64 G.
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These balls were heat-treated for 10 hr at 250 °C (first heating). Then the ball
became soft to easily ground into coarse powder in a mortar. The second-step milling
was done on these coarse powders for 10 min at 2 G to fine powders with size smaller
than 0.5 pm. The powders were contained in a cylindrical graphite mold and then
sintered at 230 °C and 20 MPa by vacuum spark plasma-sintering process. The obtained
MnBi tablets were sealed in glass tube and annealed at 250 °C (second heating) for 3,
7, 14, and 28 days. Mechanically alloyed powders (2"%-MA) yielded powder with sizes
smaller than 0.5 um. VSM measurements were carried out with a maximum aligning
field of 15 kOe, it was found that optimum values of M, = 15 emu/g and H. = 10.0 kOe
and (BH) jax = 5.34 MGOe at x = 0.08 powders, 250 °C. In spark plasma-sintering magnet,
M, increased with x while H. did not change around 7.5 kOe (varied day, at 250 °C).

Schematic diagram showing methods for synthesizing LTP-MnBi is displayed in
Figure 2.12 The preparations techniques include arc-melting, induction heating, melt

spinning and sintering.
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Figure 2.12 Summary of LTP- MnBi preparation with various techniques.

Types of sintering: Sintering may be divided into four main types i.e., solid state
sintering, liquid phase sintering, transient liquid phase and viscous flow sintering.
Viscous flow sintering occurs when the fraction of liquid is high. Transient liquid phase
consists of liquid phase sintering and solid-state sintering. In this sintering a liquid phase
disappears as sintering progresses, only solid phase is appeared, as shown in Figure

2.13.



Temperature

28

T
liquid phase sinterin
TA quiap g
viscous flow sintering
T

T transient liquid

Tl ~ phase smtirpg

T solid state sintering

A Xi B

Composition

Figure 2.13 Types of sintering (Kang, 2005).

Sintering variation: The sintering variation can be divided into two types:

material variables and process variables as summarized in Table 2.5. Material variables

effect the densification and grain growth, and process variables influence sinter-ability

and microstructure.

Table 2.5 Variables affecting sinter-ability and microstructure (Kang, 2005).

Variables related to

raw materials

(Material variables)

Powder:
shape, size, size distribution, agglomeration, mixedness, etc.
Chemistry:

composition, impurity, non-stoichiometry, homosgeneity, etc.

Variables related to
sintering condition

(process variables)

Temperature, time, pressure, atmosphere heating and

cooling rate, etc.
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Stage of sintering: The stage of sintering can be divided into 3 stages in dry

sintering i.e., neck formation, shrinkage, and grain growth.

Mechanism of sintering: In general sintering process, temperature effects atomic
motion; the atoms can be moved when getting high enough temperature. The
mechanisms of atom motion exhibit different patterns such as, evaporation,
condensation, volume diffuse, grain boundary, surface diffusion and plastic flow, as

summarized in Figure 2.14.

1 Surface diffusion

2 Lattice diffusion (from the surface)
3 Vapour transport

4 Grain boundary diffusion

5 Lattice diffusion (from the grain boundary)
6 Plastic flow

Figure 2.14 Various sintering mechanisms (Kang, 2005).

2.4 Diffusion

Diffusion occurs to reduce a decreasing Gibbs free energy and materials transport
by atomic motion. Normally, diffusion begins from a high concentration to low

concentration region. The diffusion coefficient is defined by Fick’s law.

In an Isotropic medium, the physical and chemical properties are independent
of direction. For anisotropic medium, they are dependent on direction. Example of,
the isotropic cases are diffusions in gases, in liquids, in glassy solids, polycrystalline
without textures. Two well-known Fick’s laws are generally used for explaining

diffusion in solids i.e., the Fick’s first law and Fick’s second law.
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Fick’s first law: This law expresses the relation between the flux of particles to
a concentration gradient in one dimension (x-direction) for an isotropic medium while
in a steady state i.e., the concentration does not depend on time, as presented in

Figure 2.15.
ac
Jx=-D eq.1

where J, is the flux of particle or diffusion flux (molem™s), D is diffusion coefficient or

. . ac . . .
diffusivity (m?s), and é is a concentration gradient (molem™).

J, =- DAC/Ax

Concentration C

Flux J, >

Distance x

Figure 2.15 Illustration of the Fick’s first law (Mehrer, 2007).

Fick’s second law: It is a continuous solution from the Fick’s first law with
time-dependent concentration, which is referred as a non-steady state. The solution

corresponds with continuity solution (eq.1).

ac
—-V.J= e eq. 2

Combining the Fick’s first law and the continuity solution,

= = 7.(0VC) eq. 3
The diffusion equation considered only one dimension in the steady state, which is

frequently used in thin film geometry. The Fick’s second law can be rewrite as

ac aJ

at  dx eq. 4
and

ac 9%c

E = ﬁ eq. 5
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This second order differential solution is non-linear due to D is independent of x but
depend on concentration. It may be solved for the value of concentration at desired
position and time, and the solution is called a Gaussian solution, as given in eq., where

2+/ Dt is diffusion length.

M -x?
C(x,t) = ﬁexp (E) eqg. 6
This solution is a relative diffusion coefficient with its solution given in eq.7.
D = Dyexp(—Q/RT) eq. 7
where R is the universal gas constant (J/Kmole), D, is the diffusion coefficient of

material constant (m?s™), Q is the activation entropy (kJ/mole). The values of Dyand Q

can be obtained from experiments.

Diffusion coefficient in MnBi magnetic materials: Van Nguyen and Nguyen
(2017) predicted diffusion coefficient in MnBi arc-melting after annealing at 300 °C.
They described by one-dimensional time-dependent diffusion equation. The diffusion

coefficient (D) was reported with the value of ~10"? cm?/s, as shown in Figure 2.16.
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Figure 2.16 LTP content §(t,) of MnBi as a function of annealing time. The diffusion
coefficients D = 1x10™? (dotted) and 2x10™"? cm?/s (solid). The square is the calculated
results by endo peaks of the cycled DSC trace. The insert shows the VSM loops of
MnBi powder ground from arc-melting (square), the 300 °C/3 hr (circle) and 300 °C/30
hr (line) (Van Nguyen and Nguyen, 2017).
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2.5 Stability of magnetic materials

In previous reports, several authors tried to control the parameters in
experiments for studying the changes in structural and magnetic properties as a
function of time. The main factors that were found to affect the magnetic properties
as a function time are humidity (Jacobson and Kim, 1987), oxidation (Janotova, Svec,
l\/\at'ko, Jani¢kovi¢ and Sr., 2018; Ly et al., 2014; Villanueva et al., 2019), degradation
(Ly et al.,, 2014; Sun, Xu, Liang, Sun and Zheng, 2016), and temperature (S. Cao et al,,
2011; Y.-C. Chen et al,, 2015; J. Cui et al,, 2014; Zhang et al., 2014).

M. Y. Sun et al. (2016) prepared LTP-MnBi thin films by magnetron sputtering
system at room temperature. They investigated stabiity of both the structure and
perpendicular magnetization of LTP-MnBi thin films that were exposed to ambient
atmosphere. They found M, reduction of 35% and H. enlargment of 23% after exposing
to air for 14 days, as shown in Figure 2.17.These behavoiurs of M; and H. were explained

by the oxidation of Mn and the weakened inter-grain exchanges at grain boundaries,

respectively.
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Figure 2.17 Magnetic hysteresis loops of LTP-MnBi thin film as fabricated (Test 1) and
after 1d-days exposure to air (Test 2) (M. Y. Sun et al., 2016).
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Villanueva et al. (2019) also studied LTP-MnBi thin film degradation of magnetic
properties prepared by DC-magnetron sputtering. They found M, were decreased by
54% after 6 days and disappered after 4 months, as shown in Figure 2.18. These results

could be explained by the changes of the crystal structure.

Ly et al. (2014) studied the effect of room-temperature aging under ambient
atmosphere on magnetization for LTP-MnBi ingot prepared by crystallization of a
meltp-spun precusor. They found the decrease of magnetization when exposured to
the ambient atmosphere for longer than 7 days. This was caused by the oxidation of

Mn, leading to a MnBi phase decomposition.

Janotova et al. (2018) observed the degradation of the Mn-Bi base ribbon fake
over a period of one year. The sample was prepared by the rapid quenching technique
under Ar atmosphere. The magnetic phase decreased after exposing to ambient
atmosphere, this assiged to oxidation, resulting in the reduction of the content of MnBi
with aging time.

Yoshida, Shima, Takahashi and Fujimori (1999) found the surface Mn-free MnBi
ingot prepared by arc-melting technique exhibited almost no oxidation after exposing
to ambient atmosphere for more than 1 year. This was interesting as the sample
showed no sign of degradation. However, there was no other reports supporting this
finding.

J. Cui et al. (2014) observed thermal stability of MnBi magnetic materials, which
were prepared by arc-melting. M-H curves were measured for different particle sizes
after heat treatment at 623K (350 °Q) in air and Ar-2.75 % H,. The M, decreased with

the particle sizes, as shown in Table 2.6.
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Figure 2.18 Magnetic hysteresis loop of LTP-MnBi thin film before and after degradation
(a) and XRD diffraction after growth and 4 months (b) (Villanueva et al., 2019)
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Table 2.6 The saturated magnetization (emu/g at 1 T) after heat treatments for the
MnBi samples with different particle sizes. It is noted that, before the heat treatment,

the saturation magnetization is about 63 emu/g (J. Cui et al., 2014).

Air/350 °C H»-Ar/350 °C

60 mesh (<250 um)  50.8 62.3
200 mesh (<74 pm) 228 61.2
400 mesh (<37 pm)  13.7 59.7




CHAPTER IlI
EXPERIMENTAL METHOD

This chapter describes the sample preparation and characterization techniques
employed in this thesis work. LTP-MnBi powder was synthesized by sintering in
vacuum. Different material characterization techniques were used to investigate the
structural and magnetic properties of LTP-MnBi. The mechanisms for the formation
and degradation/decomposition of LTP-MnBi were also studied. The principles and

instrument set up of those analysis techniques are also given.

3.1 LTP-MnBi synthesis
3.1.1 Ball milling and sieving

The starting materials for synthesizing LTP-MnBi were Mn powder (> 99% purity,
40 mesh, particle size < 400 pm) and Bi powder (> 99.5% purity, 100 mesh, particle
size < 149 um) supplied by Acros Organics. To study the formation mechanism of LTP-
MnBi, large particle sizes of Mn powders were used for an ease of sample preparation,
especially cross-sectional SEM sample preparation. For the investigations of the
structural and magnetic properties, Mn powder with particle size of less than 20 pm
was used. This small Mn particle powder was obtained by ball-milling by using a
planetary Micro mill (PULVERISETTE 7 classic line, Fritsch, Germany) at the rotation
speed of 300 rpm for 3hr and then sieved with a 700-mesh screen to obtain the Mn
powder with particle size of less than 20 pm. The ground Mn powder and Bi powder
were mixed with 1:1 atomic ratio, or the weight ratio of 1.373: 5.224. To assure the
homogeneity of the mixture before loading into the quartz tube of the effusion cell,
the mixture was further mixed by using a Mini Mill Grinder (PULVERISETTE 23, Fritsch,
Germany) with shaking frequency of 40 Hz for 15 mins. Figure 3.1 presents the
procedures for mixing Mn and Bi powder before introducing into the quartz tube of

the effusion cell.
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Planetary Micro mill Mesh screens Mn grinding (1.379g)

Mini Mill Grinder

Figure 3.1 The graphical representation showing the procedures for preparing the

mixture of Mn and Bi powders before sintering.

3.1.2 Sintering in vacuum

In this work, sintering of the mixture of Mn and Bi powder was performed in
vacuum at temperature between 275 °C to 375 °C. The schematic diagram and the
photo of an in-house made sintering system is shown in Figure 3.2 (a) and (b). The
system consists of a small vacuum chamber evacuated by a 500 /s turbomolecular
pump backed by a scroll pump. The base pressure of this system is below 1x10® mbar,
after pumping for 2 days without baking. The essential component of this system is a
low temperature effusion cell (Dr. Eberl MBE-Komponenten GmbH, Germany). This cell
is mounted on a 3-way vacuum fitting connected to the side port of the main chamber.
This set up prevents accidents causing any materials to be fallen into the
turbomolecular pump, which would cause expensive damage to the system. The
effusion cell is water-cooled to maintain the out-gassing rate of materials of the
effusion cell to be able for the pump to produce good vacuum. A 2048 EUROTHERM
temperature controller was used to control the temperature of the effusion cell to be
within £0.1 °C accuracy. In this work, sintering is rather low, below 375 °C, quartz tubes

with capacity of 10 cc were used as a crucible or container of the sintered materials.



38

To vacuum pump
system

Cooling
system

Figure 3.2 (a) A schematic diagram and (b) photo of an in-house made sintering system

To prevent possible damages to the equipment, careful operational procedures
of this vacuum sintering system were taken seriously. To load materials for sintering, it
is necessary to brake vacuum and remove the effusion cell out from the system. After
insertion of the quartz tube containing the mixed materials into the effusion cell, the
cell is again mounted to the system. Rough pumping was achieved by a scroll pump
until the pressure reaches vacuum pressure level below 5x10? mbar, the
turbomolecular pump was then turned on. The pressure will reach 2x10® mbar after
lor 2 days pumping, depending on the amount of the loaded materials. The most
important precaution is that the effusion cell MUST be operated below 5x10°" mbar.

This limitation is to prevent the lifetime shortening of the filament of the effusion cell.

3.1.3 Preparation of cross-sectional sample for SEM/EDS

One of the challenges in this work was to prepare cross-sectional samples of
LTP-MnBi powder particles with particle size of tenth to hundredth micron in diameter.
The larger diameter, the simpler would be expected. Advanced sample cutting/milling
machines made this work possible. The preparation of the cross-sectional MnBi powder

particles was taken place at the Thailand Science Park in Pathumthani.
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The sample preparation begins with epoxy cast resin process, i.e., the sintered
MnBi powder with selected size range was embedding into a mole and covered with
epoxy resin on top of the sample. The MnBi embedded in resin was sandwiched
between two microscope cover glasses with dimensions of 2 x 7 mm?, as shown in
Figure 3.3. The samples were mechanically polished using the Target Surfacing System
(EM TMP, Leica, Germany), shown in Figure 3.4, to obtain a surface roughness of less
than 2 pm. It is noted that the target surfacing system is an equipment used for
preparations a small sample with high precision for microstructure investigations. This
target surfacing instrument can be equipped with diamond and tungsten carbide
millers, diamond disc cutter, diamond core drill, and lapping foil inserts. Thus, this

device can mill, saw, drill, ¢rind, and polish the samples.

After processing with the mechanical target-surfacing system, the surface of the
cross-sectional samples is milled by the Argon ion beam slope cutting device (EM TIC
3X, Leica, Germany), shown in Figure 3.5, at 5 kV for 7 hrs prior to the EDS line scan
measurements. Milling by bombardments of Ar ions generates no mechanical stress to
the sample that might induce damage to the sample. The mask is used to allow the

ion beam to hit the area of the sample where the materials needed to be removed.

Polish the milling side
Surface roughness <2 ym

Figure 3.3 Graphical representation for the resin embedded with MnBi and sandwiched

between microscope cover glasses.
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Figure 3.4 Target surfacing system (EM TMP, Leica, Germany).

Figure 3.5 Argon ion beam slope cutting device (EM TIC 3X, Leica, Germany) at the

Thailand Science Park.

3.2 Materials characterizations

3.2.1  X-ray diffraction (XRD)

X-ray diffraction (XRD) is a characterization technique widely used for phase

identification of materials. XRD provides information related to crystal structure and
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crystallite size. The technique relies on the measurement of intensity of X-ray reflected
from crystal, which related to Bragg’s law. This relation is formulated by W.L. Bragg in
1913, as illustrated in Figure 3.6. The relation of an incident X-ray beam with

wavelength of A and diffracted beam is given by
niA = 2d'sinf

where A is wavelength of X-ray, n is order of diffraction, d’ is the spacing of the atomic

planes, 8 is the incident angle with respect to the diffracting planes.

Figure 3.6 Schematic diagram showing X-ray diffraction from atomic planes.

Figure 3.7(a) and (b) show two X-ray diffractometers of the same manufacturer
used in this research: XRD (Bruker D2 phaser) and XRD (Bruker D8). They are located at
the Center for Science and Technological Equipment of Suranaree University of
Technology. X-ray generator obtained using Cu Ky (A = 0.154 nm). The angle between
transmitted beam and reflected beam (20) is detected from 20 to 60 degrees with step
time and step size of 0.5 s and 0.02 degrees, respectively. Moreover, a Rigaku Smart
lab diffractometer (Rigaku) was analyzed crystal structure with a Cuk, X-ray source
(A = 0.154 nm), a voltage of 40 kV and a current of 30 mA. The scan range (20) is the
similar value above and the photos of the equipment are shown in Figure 3.7(c). After
that, qualitative phase analysis of MnBi powder can calculate by Rietveld refinement

method with the FULLPROF program.
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Figure 3.7 X-ray diffractometers used in this work: (a) Bruker D2 phaser, (b) Bruker D8
ADVANCE, and (c) Rigaku Smart lab diffractometers.

3.2.2 Scanning electron microscopy (SEM)

Figure 3.8 shows the working principle of SEM. Electrons are generated at the
source and accelerated pass through the anode by an electric field. Vacuum pressure
is necessary for the electron transport line. A condenser lens is employed to control
the dimensions and, of course, divergence of the electron beam. The objective lens is
employed to focus the electrons beam on the sample surface. A scanning coils are
installed downstream of the objective lens to scan electron beam covering the area
of interest on the specimen. When the electron beam impinges on the specimen
surface, the electrons will travel into the material interacting with and deposit their
kinetic energy to the atoms in the sample. The excited atoms in the materials may
emit characteristic X-ray, luminescence, or Auger electrons. Of course, there are some
electrons elastically back-scattered. Some back-scattered electrons and Auger
electrons may lose part of their energy before coming out from the specimen surface.
These electrons will be counted as secondary electrons. These phenomena are

illustrated in Figure 3.9.
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Figure 3.8 Principle of SEM operation. (Picture from https://www.purdue.edu/ehps/rem
/\aboratory/equipment%20safety/Research%20Equipment/sem.htm)

Primary electron beam

\ Backscattered electrons

Characteristic X-rays

Cathodoluminescence
—{ = Secondary electrons

Auger electrons

Semple

Figure 3.9 Interaction of an electron beam with the specimen. (Picture from

http://www.ammrf.org.au/myscope/common/images.php?module=sem#prettyPhoto)

SEM and FE-SEM are used for studying microstructures of materials by using
collecting secondary electrons and backscattered electrons. However, the names of
SEM techniques are different from the electron source (electron gun); a thermal
emission gun used for general SEM, while a field emission gun used for FE-SEM. General
SEM uses a conventional thermionic source such as, Tungsten (W) and Lanthanum

hexaboride (LaBg) with a source size about 30-50 pm and 5-50 pum respectively.
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In case of FE-SEM, a tungsten field emission gun (FEG) is used. Warm and cold
field emission guns emit electrons with source size of 15 nm and 3 nm, respectively.
Another advantage of using a field emission source is the small straggling of the kinetic
energy of the emitted electrons. Thus, the performance of FE-SEM is, in general, better
than that of SEM using a thermal emission gun. High spatial resolution with
magnification up to 1,000,000 times could be obtained in FE-SEM, which is suitable for
investigations of microstructures in a nano scale. Field emission sources also provide
high brightness and long lifetime for the filament. The only disadvantage is that it is
expensive source, requiring special vacuum requirement since the source must be in

the ultrahigh vacuum range.

3.2.3 Energy dispersive spectroscopy (EDS)

EDS is an optional extended technique of SEM. EDS is the technique that collect
elemental information of SEM images by detecting characteristic X-ray emitted from
the excited atoms in the specimen. Thus, it is used for identifying elemental
composition with spatial resolution. The phenomena are shown in Figure 3.10 illustrate

inner-shell photoionization that emits characteristic X-rays.

kicked-out ..,
electron - -

radiation
enengy

Figure 3.10 Principle of EDS. (Picture from https://en.wikipedia.org/wiki/Energy-

dispersive_X-ray spectroscopy)
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SEM that can generate EDS spectra is equipped with a detector for measuring X-
ray emission such as lithium-drifted silicon (Si(Li)) and a high purity Germanium (HPGe).
Si(Li) and HPGe are suitable for detecting characteristic energy ranges of about 1-3 keV
and 3-20 keV, respectively. The detector is located near to the specimen to provide
large solid angle for the detection. The detector converts the energy of X-ray to a
voltage pulse by preamplifier. The signals are sent to the multichannel analyzer. The
EDS spectra are then shown on the computer display. Typical EDS spectra is shown in

Figure 3.11.

B spectrum 2 Element

Figure 3.11 MnBi powder spectrum of the EDS analysis.

Finally, this work employed the JEOL JSM-6010LV SEM/EDS and JEOL JSM-7800F
Prime FE-SEM/EDS systems for the investigations of the surface morphology and
elemental composition at the Center for Science and Technological Equipment of
Suranaree University of Technology and National Metal and Materials Technology
Center (MTEC), as shown in Figure 3.12. Selecting SEM/EDS measured general
morphology of secondary electron image (SE) and backscattered electron image (BSE),
which used the parameters of accelerating voltage for electron (HV) and the working
distance (WD) approximated 15-20 kV and 10-15 mm, respectively. For high resolution
FE-SEM/EDS, the operating HV and WD were about 10-12 kV and 10 mm, respectively.



46

Figure 3.12 (a) SEM/EDS (JEOL JSM-6010LV) and (b) FE-SEM/EDS (JSM-7800F Prime).

3.2.4 Vibration Sample magnetometer (VSM)

VSM is used to measure the magnetic properties of magnetic material, which
corresponds to the Faraday’ law. The changing magnetic field will generate an electric
field in a coil. The diagram of VSM is shown in Figure 3.13. The pickup coils are placed
near the sample that vibrates in the Z axis with a fixed amplitude. The sample is placed
in a homogeneous magnetic field and installed in the end of the sample holder and
the top connected to the vibration system with a controlled frequency. After the
sample oscillated or vibrated, the sample was magnetization. the magnetic dipole
moment will produce magnetic field around the sample which is called magnetic stray
field. The magnetic stray field can change as a function of time where the sample
moves up and down, also detected by pickup coil or some senser. This based on the
Faraday’s law of induction, the changing of magnetic stay field responds to the
magnetic flux at pickup coil that was induced by the voltage. The voltage is
proportional to magnetization. This induction voltage can be fed to an amplifier for
signal amplification. Then, the amplified signal is converted by software to generate a

Hysteresis loop.
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Figure 3.13 VSM schematic. (Picture from https://en.wikipedia.org/wiki/Vibrating

sample magnetometer#/media /File:VSM en.svg)

Figure 3.14 shows the VSM (Quantum Design Inc., Versalab series) system that is
installed at Khon Kaen University. M-H curves were achieved by applied magnetic field
between -30 kOe to +30 kOe. This system is capable for cryogen-free cryocooler-based
physical property measurements. The temperature range for the measurements can
be varied from 50 to 400 K and the maximum magnetic field is 3 T. The amplitude is
fixed for 1-3 mm (peak), frequency is 40 Hz and sensitivity is smaller than 1 pemu

magnetic moment change with 1 s data averaging.

Figure 3.14 VSM (Quantum Design Inc., Versalab series) was used at Khon Kaen

University.
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Demagnetizing field correction: In fact, the raw data of the VSM loop are
obtained with an open loop measurement set up by nature Hence, it is essential to
correct the effects of the demagnetizing field to obtain the internal field of the true
intrinsic material parameters. The demagnetizing field depends on the sample
geometry. Moreover, the internal magnetic field (H,») and external magnetic field
(Happliea) Of materials had different values that can be explained as follows. The
corrected internal magnetic field is Hiys = Hoppiied - 4TTNpM, where Np is the sample
demagnetization factor (Sl units) and M is the volume magnetization in emu/cm?. The
obtained H,,; equation was replaced in the magnetic induction B = Hjy; + 4TM = Hoppiieq
+ 4rM(1-Np). In this work, the VSM sample holder was placed transversely with the
external field. The formula of N, for the cylinder sample (transverse orientation with
the field) is N, = 2 + %% (Prozorov and Kogan, 2018) where 2a and 2b are the
diameter and length of the sample, respectively. For 2a = 2 mm and 2b = 3 mm,

Npis 0.4. The unit of H,;, M, and B is gauss (G) unit; 1 G ~ 1 Oe = 4mp emu/s.
3.2.5 X-ray absorption spectroscopy (XAS)

X-ray absorption spectroscopy (XAS) is used to study local atomic structure,
which may be classified into 2 regions of the X-ray absorption spectra: X-ray absorption
near edge structure (XANES) and extended X-ray absorption fine structure (EXAFE). This
technique relied on X-ray absorption to observe the local structure, chemical state,
oxidation state, and coordination number. Normally, the X-ray is an electromagnetic
wave constituting the electric field and perpendicular magnetic field, it is also
conserved as the smallest wave particle called a photon. Figure 3.15(a) shows the
fundamental processes of X-ray absorption. When the specimen is incident by X-ray
photon, the photon interacts with a core electron of atom (K, L, or M shell). The atom
is excited by the transition of an electron from a ground state to an excited state i.e.,
the transition from a lower to a higher energy level. In the X-ray absorption process,
the excitation photon energy must be higher or equal to the energy difference
between the excited electron level (initial state) and the empty electron level (the
final state). The minimum excitation energy required is called the threshold energy,

referred as the edge energy in the absorption spectra. The relaxation of the excited
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atom to the ground state by the transition of an electron dropping from the high
electron energy level to the core hole. This decay process accommodates either with
the release of photon energy, which is called fluorescent X-ray emissions as shown in

Figure 3.15(b) or with Auger electron emission as shown in Figure 3.15(c)

XANES and EXAFE measurements of the sintered MnBi samples were carried out
in a fluorescence mode at the beamline 5.2 of the Synchrotron Light Research Institute
(SLRI), Thailand. In general, X-rays from a synchrotron light source is used in XAS
measurements due to an extremely powerful source of X-rays with continuous
spectrum. Synchrotron light is an electromagnetic wave generated by a charge particle
moving with high speed as compared to speed of light in a curved motion. The
graphical drawing of the synchrotron light source at SLRIis shown in Figure 3.16. Starting
with the electron gun, which produces free electrons by thermal emission. The
filament of the electron gun is held at negative potential. This gun is electrically
isolated by a ceramic tube. The extraction part is held at ground potential. Thus, the
electrons are then extracted by the electric field. The buncher first accelerates the
electrons up to 6 MeV to be in a bunched pattern. The electrons are further
accelerated by two linear microwave cavity acceleration tubes to increase the energy
of the electrons to 40 MeV. Then, they are injected into the booster synchrotron for
further acceleration. The electron travel in the booster ring and gain more energy every
time when passing through the RF acceleration cavity. After traveling in the booster
ring for about 0.6 seconds, the energy of the electrons reaches 1.2 GeV. The electrons
are then kicked out from the booster ring and transported to the storage ring. The
characteristics of the electron beam is defined mainly by the magnetic fields of the
dipole (bending), quadrupole, and sextupole magnets of the storage ring. In the
bending magnet, the electrons are bended and thus synchrotron light is emitted. There
are also insertion devices such as undulator and wiggles installed in the straight section
of the storage ring to produce synchrotron radiation with much high intensity and
shorter wavelength, respectively. The synchrotron light is delivered by an optical
system, namely optical beamline, to the experimental station. The characteristics of
the light beam such as beam size, beam divergence and wavelength range are defined

by the optical components of the beamline.
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Figure 3.15 Fundamental processes of X-ray absorption, showing the excited state (a),
fluorescent X-ray emission (b), and Augur emission (c) at the relaxation to ground state

(Klysubun, 2006).
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Figure 3.16 Schematic diagram of the synchrotron light source at SLRI. (Picture from

https://www.slri.or.th/en/102-uncategorised.html)

The schematic of the beamline 5.2 set up is shown in Figure 3.17. The
synchrotron light has a continuous spectrum covering from infrared to X-rays. A double
crystal monochromator (DCM) equipped with crystal to select monochromatized light
with photon energy ranging from 1240 to 12100 eV. InSb (111) and Ge (220) crystals
are used in the monochromator to fill the photon energy range from 1830-7000 and
3440-12100 eV, respectively. This beamline allows the K-edge absorption spectra from
Mg to Ge elements to be measured. There are 2 modes of measurement of XAS
measurements i.e., transmission and fluorescence modes of measurements. The
transmission mode corresponds to the absorption coefficient (u(E)) that is measured
from the intensity of the X-ray beam (/;) passing through the material thickness (t),
giving the formular is / = /,e*®" where | is the intensity of the transmitted X-ray beam.
For the fluorescence mode, the X-ray fluorescence is detected by a 4-element silicon

drift detector. The absorption coefficient u(E) is proportional to thel/l, ratio

Synchrotron
source I
monochromator -
: lo |
sample

Figure 3.17 A schematic of the beamline 5.2 at SLRI.
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3.3  Experimental procedures

This section provides the information of experimental procedures for different
sub-topics of the investigations. Since the magnetic properties of LTP-MnBi depends
on many parameters of starting materials, synthesis processes and final form of the
materials. The flow-charts summarize the procedures covering experimental woks in

in this thesis.

Figure 3.18 are for the experiments to study the magnetic properties, crystal
structure, morphology, and elemental composition of the LTP-MnBi material sintered
in vacuum at temperature range of 275-375 °C. The starting Mn powder used in the
sintering was ball-milled and sieved to be below 20 pm. The selected temperature
range was considered with the fact that it must be above the melting point of Bi and
below the temperature where HTP-MnBi is formed. This allows the sintering to be
liquid-phase sintering where solid Mn is immerged or covered by liquid Bi. The sintering
product is a rod with a shape of the containing quartz tube. The sintered product was

not hard and, thus, could easily be ground to powder form.

The experimental procedures for the investications of the formation
mechanism of the sintered LTP-MnBi are given in Figure 3.19. The challenging work was
to prepare the cross-sectional SEM/EDS MnBi particle samples. Thus, the size of the
initial Mn powder particle for sintering shall be as large as possible. The Mn powder
was used as received from the supplier. The larger particle, the easier sample
preparation was expected. Cross-sectioned MnBi particles were necessary to observe
the formation of the LTP-MnBi on the surface of the particles. Cracks in the Mn particle
were observed unexpectedly, and lead to the study of diffusion in MnBi during

sintering, which later turn to be interesting experiments.
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Figure 3.18 Flow-chart of the experimental procedure for the study of the magnetic
properties, crystal structure, morphology, and elemental composition of the LTP-MnBi

material sintered in vacuum at temperature range of 275-375 °C.
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Figure 3.19 Flow-chart of the experimental procedure for the study of the formation
mechanism of the sintered LTP-MnBi material sintered in vacuum at temperature range

of 275-375 °C.
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For the investigations of the stability of the sintered product or LTP-MnBi
material at room temperature, the starting LTP-MnBi layers were formed by sintering
of a mixture of Mn powder (particle size <20 pm) and Bi powder at 275 °C for 12 hrs.
The magnetic properties of the fresh (newly prepared) and aging MnBi samples were
studied by VSM. The important information of this experiment was about the aging
sample which was loaded into a standard Quantum Design powder sample holder
(P125E), shown in Figure 3.20, which is referred to a sealed tube from time to time.
The 0.075 ¢ MnBi powder (mass; m) was densely compressed into the tube with
diameter of 2 mm and length of 3 mm. The volume of cylindrical Quantum Design
VSM powder holder (V) is 9.42 mm?. Using the relation p = % the density (p) is 8.00
g/cm®. The MnBi powder had a limited space in a sealed tube as seen in Figure 3.20.
The powder sample was kept in the holder for the period of 18 months without taking
it out. VSM measurements were performed during the 18 months. The investigations
of the stability of the sintered product or LTP-MnBi material at room temperature were

conducted by following the procedures in Figure 3.21.

Figure 3.20 A standard Quantum Design powder sample holder.

Figure 3.22 shows the flow-chart of the experimental procedures for the study
of the decomposition of LTP-MnBi at 150 °C. This elevated temperature was an
accelerated test for degrading of the LTP-MnBi sample sintered at 275 °C for 3 hrs. The
starting Mn powder with particle size of less than 20 um was used in the sintering. Thin
layers of MnBi were expected for this short duration of sintering and, thus, providing a
complete decomposition of the material to be investigated. The decomposition was

introduced by annealing the material at 150 °C in air for different periods.
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Figure 3.21 Diagram of long-term stability of LTP-MnBi material at different aging time,

including MnBi characterization.
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Figure 3.22 Diagram of a magnetic degradation with an evaluated heating time in

ambient oven, including MnBi characterizations.



CHAPTER IV
RESULTS AND DISCUSSION

Sintering of a mixture of Mn and Bi powders is adopted for synthesizing LTP-
MnBi due to its possibility for scaling up in production. To greatly reduce post-
processing steps such grinding and low-temperature annealing, sintering was performed
at temperatures just above melting point of Bi and low enough that high-temperature
phase MnBi was not formed. This low temperature allows sintering to be in liquid
phase, i.e., liquid-phase sintering (LPS). One more important consideration in designing
the conditions for LPS is that the process must be taken place in an absence of oxygen
to avoid formation of Mn oxides. It is noted again that the sintering was performed at

vacuum pressure below 5x107 mbar.

The first two sections of this chapter report the phases, morphology, elemental
composition, and magnetic properties of the sintered product. More importantly, the
mechanism for the formation of LTP-MnBi during LPS is also explained. Two set of
samples were investigated. The first set of samples was sintered at 275 °C, 325 °C and
375 °C for 12 hr. The second set sintered at 325 °C with different durations of 12, 24,
and 48 hr, respectively.

The stability of magnetic properties is also essential when magnetic materials
will be used in devices. It is known that the magnetic properties of LTP-MnBi could be
affected by different factors such as crystal structure, and microstructure as oxidation
(Janotova, Svec, Mafko, Janickovi¢ and Sr., 2018; Ly et al., 2014, Villanueva et al., 2019)
that could be altered by decomposition (Ly et al., 2014; Sun, Xu, Liang, Sun and Zheng,
2016) by exposure to humidity (Jacobson and Kim, 1987) and elevated temperature
(S. Cao et al,, 2011; Chen et al,, 2015; J. Cui et al,, 2014; D. T. Zhang et al., 2014) for an
extended period of time. The studies of long-term stability of LTP- MnBi are reported
in the third section of this chapter. The last section of this chapter covers the

investigation of the decomposition of LTP- MnBi at 150 °C.
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4.1 LTP-MnBi sintered at 275, 325 and 375 °C for 12 hours
4.1.1 Phase identification

After sintering, the sintered product was a rod with the inner shape of the
quartz tube used in the effusion cell. The sintered product was ground and sieved into
2 sets of MnBi powder sizes, i.e., less than <20 pym defined as the small particle size
and large particle size is defined for the 20-53 um size. It is noted that the initial size
of Mn was less than 20 um prior to sintering. Thus, the large particles were resulted
from agglomerations of smaller particles. The MnBi powders were characterized to
study crystal structure by the X-ray diffraction technique (XRD) using a Bruker D2 phaser
X-ray diffractometer. Figure 4.1 shows the XRD patterns taken from all sintered MnBi
samples. The Bi phase (card No. 96-231-0890), MnBi phases (card No. 96-900-8900), and
MnO phases (card No. 96-101-0394) were identified, appearing as diffraction peaks in
the figure. However, Mn phase could not be detected due to the limit of X-ray
penetration depth (P.-K. Nguyen, Jin and Berkowitz, 2013). The unreacted Mn was
expected to be remain in the Mn powder particle under the forming MnBi layer. The
thickness of the newly formed MnBi layer is thicker than the X-ray penetration depth,
preventing the unreacted Mn in the powder particles to be detected. In addition, there
is Bi covering on the particles, and thus the Bi further reduce the chance for X-ray to

detect the Mn phase in this sintered product.

The obtained XRD patterns were analyzed to determine the crystallization
quality. The crystallization quality could be calculated from the average full width at
half maximum (FWHM), the first four main MnBi peaks i.e. (101), (002), (012) and (110)
planes peaks were selected. The FWHM values of MnBi-275, MnBi-325 and MnBi-375
were 0.176, 0.194, and 0.214 degrees, for the small particle size and 0.164, 0.170, and

0.169 deg for the large particle size. Next, the crystallite size could be estimated from

the Scherrer equation, that is D = where K = 0.9 is the shape factor constant.

BCOS6’
The crystallite size values of 51.4, 45.9 and 41.2 nm for the small particle size and
55.0, 52.1 and 53.3 nm for the large particle size, respectively. It is obvious that these

values of all samples have similar values in range of 41-55 nm.
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For more detailed analysis, the different phase contents for the small and large
samples were estimated by using the Rietveld refinement method of XRD data using
the FULLPROF program. The MnBi phase contents were found to be 56.1, 59.5, 52.8
wt% for the small particle size and 69.3, 70.1, 66 wt.% for the large particle size with
sintering temperature at 275 °C, 325 °C and 375 °C, respectively. For both sample
sizes, it is indicated that the MnBi content increased with sintering temperature from
275 °C to 325 °C and decreasing at 375 °C. The slight increase in MnBi content when
sintering temperature increase from 275 °C to 325 °C may be due to the increase in
the diffusion rate with temperature. A significant reduction in MnBi content of the MnBi
sintered at 375 °C could be explained by the Mn-Bi segregation during LTP- to HTP-
MnBi phase transition at temperature above 350 °C (Jun Cui et al., 2018). Due to the
shallow X-ray penetration depth, Mn cores could not be detected, the content values
reported here does not represent the exact MnBi ratio. One more interesting point
obvious in the XRD pattern is that more Bi was observed in the smaller samples. This
might be due to the fact that the unreacted Bi in the sintered product could easily be

ground to powder with particle sizes smaller than 20 um.

It is interesting to point out that MnO was also observed in the XRD patterns.
The amount of the oxide was estimated to be less than a few wt.% for all samples.
The base pressure of the sintering system was about 2 x 10°® mbar, and the vacuum
pressure during sintering process was controlled to be below 5 x 107 mbar, which is
the upper limit pressure for filaments of the effusion. It is understood that at the
sintering temperatures used in this work, Mn powder particles were coated or
immersed in liquid Bi. More importantly, there is no significant difference in the amount
of the oxide formed on the samples sintered at the three different temperatures.
Oxidation rate is generally known to increase with temperature. Thus, oxide formation
during sintering must be very low and below our detection limit. However, it was
observed that the amount of the oxide increased with time after the sintered MnBi
was exposed air. The formation of oxide at this stage might be considered as the

degradation as there has been a report earlier (Janotova et al., 2018).
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It is worth to emphasize that the single-step vacuum sintering method can be

considered as a facile MnBi preparation method. Moreover, the purity of MnBi can be

further enhanced by using magnetic separation (S. Kim et al. 2017), optimizing the Mn

content (B.A. Jensen et al., 2019) or, in principle, reducing the starting Mn particle size.
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Figure 4.1 XRD patterns of LTP-MnBi powder prepared at various annealing

temperature at 275 °C, 325 °C and 375 °C for small particle size of (a) < 20 um and (b)

20-53 pm.
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4.1.2 Morphology and size distribution

Figure 4.2(a) and (b) show SEM images of the MnBi-275 powder particles for two
different size ranges illustrating their typical morphologies. The starting material of Mn
powder particles was prepared to be less than 20 um in size, and the individual Mn
particles shall still be less than 20 pm in size because the sintering temperature is
below the melting point of Mn. Thus, there is virtually no changes in particle size for
Mn before and after sintering. The formation of MnBi is assumed to be mainly
controlled by diffusion mechanism of the melted Bi. The single MnBi particle size was
measured to be about 8 um, as seen in Figure 4.2(a). It is obvious that the larger particle
size is likely an agglomeration of several MnBi particles, bonded with Bi, with a total

size of around 29 pm, as shown in Figure 4.2(b).

The elemental composition of the sintered product was investigated by the
SEM/ EDS technique. EDS measurements of the MnBi powder particle sample, shown
in Figure 4.2(a) were performed at three specific points. Since this technique cannot
probe very deep into the bulk. The composition reported here is mainly surface
composition. It was observed that the surface composition of the selected particle
varies from position to position, as indicated by the white (point A and B) and grey
(point Q) areas. The calculated Bi/Mn content ratios are given in the inset of Figure
4.2(a). It was found that there are two main distinguished areas two different ratios;
those are the MnBi rich area with Bi/Mn ratio ~ 1 and the Bi-rich area with Bi/Mn ratio

>>1. It is noted that the area Mn-rich area (Bi/Mn ratio <<1) was not observed.

From the analysis of SEM images and EDS spectra, the whole MnBi formation
process can be explained as follows. At a sintering temperature higher than the Bi
melting point, Bi is melted to be liquid migrating over the surfaces of Mn power
particles. It is expected that the Mn powder particles were covered by liquid Bi.
At the interface between solid Mn and liquid Bi, there is the chemical interactions
between Bi and Mn to form an MnBi layer. The thickness of the MnBi layer is increased
by diffusion of Mn and/or Bi across the forming MnBi layer.

Since the atomic ratio of 1:1 for the starting Mn and Bi powder was used in
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the sample preparation, the single-phase MnBi could be expected in the completed

sintering process.

Bi/Mn ratio

12.4
9.25
0.84

Figure 4.2 SEM images of the MnBi samples sintered at 275 °C with particle sizes of

(@) < 20 um and (b) 20-53 um. The inset in (a) is the Bi/Mn ratio obtained from the

EDS analysis of three specific locations.
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However, because the starting Mn powder particle is large, the formation of the
MnBi layer is, thus, limited by the diffusion mechanism. The evidence of an incomplete
process can be observed by the excessively Bi-rich areas (points A and B of Figure
4.2(a)) and the Bi phase detected from XRD results. From above arguments, it is
expected that unreacted Mn shall remain in the sintered product even though this
unreacted Mn could not be detected by the XRD and SEM/EDS measurements. Cross-
sectional MnBi powder particle sample for EDS measurement was required to identify

this assumption, which are to be shown below.

4.1.3 Magnetic properties

Figure 4.3(a) and (b) show the experimental room-temperature M-H curves with
a demagnetizing field correction for the small and large MnBi particle sizes,
respectively. The inset of Figure 4.3(a) shows the demagnetization curves of raw M (N
= 0), corrected M (N = 0.4), corrected B (N = 0.4) and the (BH),,., area (dashed rectangle)
of the small MnBi particle size sample. Demagnetizing field correction is necessary for
analysis of the M-H curves taken from strong magnetic materials because VSM
measurements are open-loop measurements. The corrected magnetic field is Hj.; -
Happiiea = 4TCNpM, where N is the sample demagnetization factor (SI units) and M is the
volume magnetization in emu/cm?. This H,,, parameter can be calculated the magnetic
induction equation is created from B = Hjy + 4TTM = Hoppiieq + 4TTM(1-Np). The area of
the largest square in the second quadrant multiplied by the value of point B and H is
the maximum energy produce. The square loop with a demagnetizing field correction
is improved while the value of H; and M, has not changed. It is noted that the
measured samples were in the powder form, not in a compressed bulk, composing of

Mn particles with LTP-MnBi surface layer and Bi.

The values of weight percentage of MnBi content and important magnetic
properties of all sintered MnBi samples are given in Table 4.1. The small particle sizes

samples sintered at 275 °C, 325 °C and 375 °C have the intrinsic coercivities (H) of
4.881 0.24, 4.98 £ 0.24 and 6.0 & 0.30 kOe, and the saturation magnetizations (M,) of
44.99 + 225 4579 £ 2.29 and 39.61 £ 1.98 emu/g, respectively.
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Figure 4.3 The M-H curves with demagnetizing field correction of the MnBi samples
sintered at 275, 325 and 375 °C for particle sizes of (a) < 20 um and (b) 20-53 um. The
inset in (a) shows the demagnetization curves of raw M (N = 0), corrected M (N = 0.4),
corrected B (N = 0.4) of the small MnBi sintered at 325 °C. The (BH),,.x is the dashed

rectangle with maximum area.
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The M-H curve of the small MnBi size sample sintered at 325 °C shows better

performance magnetic properties than the small MnBi sample sintered at 275 °C.

This may be explained by a higher formation rate of MnBi layer at higher sintering

temperature, leading to high LTP-MnBi content in the sintered product. It is important

to note that the shape of M-H curve for small size MnBi sample sintered at 375 °C is

different from those sintered at lower temperatures. The value of H, increases but the

M, decreases. The M; is related to MnBi content, therefore it is suggested that sintering

at 375 °C might cause the formation of HTP-MnBi. The formation of HTP-MnBi

consequently is affected to achieve the low MnBi content. This observation from VSM

is similar what have been observed in the XRD patterns reported above.

Table 4.1 The weight percentage of MnBi content and magnetic behaviors of all

sintered MnBi sample.

MnBi /\/lS HC/‘ (BH)max
Sample ID

(wt.%) (emu/s) (kOe) (MGQOe)
small MnBi-275  56.1 4499 £ 225 488X 0.24 2.46
small MnBi-325  59.5 4579 £ 229 498 X 0.24 2.84
small MnBi-375  52.8 3961 198 6.00+ 030 1.48
big MnBi-275 69.3 - 52641263 209+0.12 2.33
big MnBIi-325 70.1 54.27 273 249+ 0.10 2.63
big MnBI-375 66.0  49.71 248 25410.14 1.78

From the data presented in Table 4.1, it is obvious that the small particle size

MnBi sample exhibits higher H,;but slightly lower M, which is agreed with other reports

(J. Cao et al., 2019; X. Li, Pan, Zhen, Lu and Batalu, 2019). The H,; of small MnBi particle

is approximately higher 2 times than that of the large one. The higher H,; observed in
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smaller particles could result from the refinement of MnBi grains, leading to more
uniform rotation of magnetic moments (B. Li et al., 2018; Y. Zhang et al,, 2017). There
has been a report of the theoretical saturated magnetization of for LTP-MnBi, which
was calculated to be 80 emu/g at room temperature (Sarkar and Basu Mallick, 2020).
This theoretical value of the saturated magnetization may be used to estimate the
LTP-MnBi fraction or content, assuming a linear relation between the fraction and the
saturated magnetization. For the small and large particle size samples sintered at 275
°C, the LTP-MnBi was found to be 56% and 65.6%, respectively. The results deduced
from VSM measurements are consistent with the XRD results showing that patterns for
smaller particle sizes contain higher diffraction intensity peaks from elemental Bi. There
has been also a report showing that the decrease in magnetization could be (Kharel
et al,, 2013). It is apparent that samples with diverged particle sizes have a similar
tendency of (BH),.x with varied sintering temperature. The highest (BH) . of 2.84
MGOe was obtained in the small MnBi sample sintered at 325 °C. The magnetic

properties of all MnBi powders are summarized in Table 4.1.

Figure 4.4 shows the M-H curves of fresh and 10-month-old MnBi-275 measured
at different sample temperatures. These MnBi sample was sintered at 275 °C for 12
hours. There is an obvious difference in the M-H curves for the fresh and old sample.
The old sample exhibits the degradation since the sample was left in air for extended
time (M. Y. Sun et al., 2016) which is the topic for the last section of this chapter. The
interesting result is the measurement results taken from the 10-month-old sample at
different sample temperatures, i.e., 300K, 350K and 400K. There are continuous
changes in shape of the M-H curve when the temperature increases from 300K to 400K.
The M, decreases while the H, increase with the sample temperature which is similar
to what have been observed with MnBi prepared by different techniques (J. Cao et al,,
2019; Chen et al,, 2016; J. Cui et al,, 2014). It is noted that the kinks of magnetization
curve are larger at higher measuring temperature, which created from the weakened
coupling between different magnetic phases such as MnBi, Mn, Bi and amorphous (Xie
et al,, 2016; Yang et al., 2014), including to the possible formation of new phases at

elevated temperature during the VSM measurements.
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Figure 4.4 M-H curves measured at sample temperature of 300K, 350K and 400K for
the fresh and 10-month-old MnBi samples sintered at 275 °C showing the increase of

coercivity with temperature.

4.1.4 Depth profile and diffusion in MnBi layers

Huge efforts have been spent in preparing cross-sectional powder particles for
SEM/EDS measurements for investigation of elemental depth profile and diffusion of
Bi and Mn in MnBi layer. A cross-sectional SEM micrograph of an as-received Mn powder
particle with size of about 100 pm is shown in Figure 4.5(a). Even without any sample
treatments, there many cracks in the Mn powder particle as shown in the figure. For
this study, this as-received Mn powder was mixed with Bi powder and then sintered at
temperatures in the vicinity of liquid-phase sintering (LPS), in which Mn remains solid
while the Bi transforms to liquid. It was expected that, upon LPS, Bi transforms to liquid
covering the Mn powder particles. Some Bi flows into the cracks in the Mn particles. Bi
atoms interact with Mn atoms at the surface of the particle and at both surfaces of
the cracks. LTP-MnBi formed at the external surface of Mn particles and the interior-

surfaces along the cracks.
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After sintering process, the cross-sectional SEM for MnBi powder particles
sintered at 275 °C, 325 °C and 375 °C which are shown in Figure 4.5(b), (c) and (d),
respectively. All-sintered cross-section MnBi samples show a spider-web feature
composite of white areas (Bi rich), and gray areas (Mn rich) in the Mn particles. The
white areas appear near the cracks and the external surface of Mn particles, and these
areas is expected to be LTP-MnBi layers formed during. At melting point of Bi, Bi
transformed to liquid Bi while Mn remains solid. Bi interact with Mn to form MnBi layer

at the external surface of Mn particles and the interior-surfaces along the cracks.

Bi rich ‘/7

. /
4% Sr%r\,f

MnBi-325 MnBi-375

Figure 4.5 The cross-sectional SEM images of (a) as-received Mn powder particle (b)

Mn powder particles sintered at 275 °C (c) at 325 °C and (d) at 375 °C.
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Figure 4.6(a) shows the typical zoom-in cross-sectional SEM micrograph near
the crack in MnBi particle sample sintered at 325 °C, which appears as a vertical grey
line in the middle of the figure. The formation of MnBi layers occurred at both side-
surfaces of the crack and extended deep into the bulk. This results in the formation
of MnBi layers along crack surfaces, which appear as the bright stripes along both sides
of the crack in the SEM image. Further from cracks, only unreacted bulk Mn is observed:
the grey areas on both sides. The observed thicknesses of the MnBi stripes formed on
opposite sides of a crack are different. There is no symmetry reason for the MnBi layers
formed on opposite banks of the Bi river to grow at precisely the same rate. The
difference may be dominated from the effect of sample preparation being conducted

at an angle to the crack as shown in the inset of Figure. 4.6(a).
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Figure 4.6 (a) Zoom-in cross-sectional SEM image of the MnBi sintered at 325 °C. Inset
illustrates the side-view schematic which may yield to different forming thickness
between each side of the crack. (b) The Bi and Mn concentration profiles along the

yellow line of (a).
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The elemental depth profiles of the MnBi layers were obtained from EDS line
scans along the yellow line in Figure. 4.6(a)The Mn and Bi depth profiles taken from
the MnBi sample sintered at 325 °C are shown in Figure. 4.6(b). They indicated that the
sintered MnBi layers are composed of homogenous and graded regions. Near the
surface of the cracks, homogenous MnBi regions formed with Mn and Bi in an atomic
ratio of 1:1. Beyond this homogenous region, the concentration of Bi decreases with
depth. For this EDS line scan shown in Figure. 4.6(b), the Bi concentration is saturated
over the distance of 0.3 um apart from the side-surface of the crack. The concentration
significantly drops in the range of 0.3 um to 0.5 um where tiny amount of Bi was

detected afterwards. This trend is opposite for the Mn concentration profile.

The MnBi layers formed at the surfaces of the cracks in the Mn powder particles
were used for investigation of the diffusion coefficient (D.) because the thickness of
MnBi layers from elemental depth profiles provide an opportunity to estimate D.. In
this work, net diffusion is defined as the diffusion through a growing MnBi layer during
sintering, which includes the effect of Bi flow into the Mn bulk and Mn flow towards
the crack surface. The average value of D, can be simply estimated using the diffusion
relation D.=L?/t, where t and L are the diffusion duration and length, respectively (Van
Nguyen and Nguyen, 2017). The diffusion length (L) is the thickness of MnBi layers
measured from the cross-sectional SEM images. For each sintered MnBi powder particle
shown in Figure. 4.5(b)-(d), the thickness of the MnBi layer was measured at 120
different regions over the whole area of the cross-sectional SEM images using ImageJ
program (Schneider, Rasband and Eliceiri, 2012). The width of the two MnBi fringes, on
opposite sides of the crack, typically differ by a factor of order ten percent (which may
be a geometric factor related to the orientation of the crack relative to the cleaved
surface). Accordingly, we take the average of the two fringes as a reasonable

representation of the typical thickness of MnBi layers.
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Figure 4.7 Histograms of the thickness of MnBi layers in the MnBi samples sintered at

275 °C, 325 °C and 375 °C. Each bin of the histogram is 0.05 micron.
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The histograms of the measured thicknesses of the MnBi layers sintered at 275,
325 and 375 °C are shown Figure 4.7. The variation in layer thickness evident from the
histograms reflects the complex nature of LPS kinetics. Indeed, the growth of layers
must result from the flow of liquid Bi through irregular cracks and the resulting diffusion
of Bi perpendicular to the liquid streams into the surrounding Mn landscape. It is not
surprising that this process, dependent on the crack properties, on the Mn-Bi interface
at the crack edges and the subsequent diffusion rate into the sample, gives rise to a
range of MnBi layer growth rates. Nevertheless, the statistical properties of the
distribution of layer thickness provides insight into diffusion averages in experimental

conditions.

To characterize the distributions, the histograms were fitted with Gaussian
distributions. The mean (L., and standard deviation (o) are reported in Table 4.2.
The thickest MnBi layers (L,.,) that contribute significantly to the distribution can be
represented by L,=L peart20. One might expect that such thick MnBi layers are similar
to those formed on the external surface of Mn powder particles, where the growth
rate is not limited by the flow of liquid Bi through the crack (i.e., when the supply of
Bi is always sufficient). This suggests that L, can be used as a reasonable lower-end

estimate of the diffusion length D. for the net diffusion in the sintered MnBi layer at

275, 325 and 375 °C was found to be 1.41 X 1074, 2.49 X 10" and 5.72 X 10 cm?/s,
respectively. The obtained D, is of the same order of magnitude as the experimental
data for other alloys reported earlier (S. Yoshida, Okumura, Kita, Takahashi and
Ushioda, 2014). However, our values are up to 2 orders of magnitude smaller than that
previously reported for diffusion in the arc-melted MnBi (Gupta, Anil Kumar and Khanra,
2018). This large discrepancy might be due to the difference in the material systems
where large D, in previous report was obtained by observing the change in size of Mn

embedded in the arc-melted MnBi annealed at 300 °C.

One of the basic characteristics of diffusion processes is activation energy. This
activation energy is generally estimated from the well-known Arrhenius equation; D, =
Doexp(-E/KgT), where D, D, E, Kz and T are diffusion coefficient,

pre- exponential factor, activation energy of diffusion, Boltzmann constant and
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temperature in Kelvin, respectively. By linear fitting of (n(D) and (1/7), the D, and E,
could be obtained as shown in Figure 4.8. The coefficient follows the Arrhenius

equation with the pre-exponential factor of 5.33X10'° cm?/s and activation energy of

0.45 eV.

Table 4.2 The mean, standard deviation, diffusion length, and diffusion coefficient of

MnBi prepared by different sintering temperatures.

Diffusion
Sintering Peak position,
Length, D,
Temperature [, & 0/2
L=Lpeqpt20  (cm?/s)
(°Q) (um)
(pMm)
275 0.247 £ 0.035 0.387 3.47 X 1014
325 0.328 & 0.062 0.576 7.68 X 1014
375 0.497 = 0.079 0.813 15.30 X 10
e D, = 5.33x10"° cm?/s
E =045eV
/UT J
o~ -30.04 .
E -
-,
(&)
g 2
= -30.5-. .
-31.04 §
16 iy 18
1000/T (1/K)

Figure 4.8 Arrhenius plot of the diffusion coefficient as a function of inverse

temperature.
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4.2 LTP-MnBi sintered at 325 °C for 12, 24 and 48 hours

It was shown in section 4.1 that among the three sintering temperatures, LTP-
MnBi sintered at 325 °C vyield the highest value of (BH),.. In this section, the
experimental results to verify that the value of (BH),,., could still be increased when
the LTP-MnBi content increases. By sintering at 325 °C with longer sintering times, the
LTP-MnBi shall be produced with thicker layers and, thus, higher content of LTP-MnBi
in the sintered product. In this section, the results from the investigations of the

sintered MnBi products prepared at 325 °C for 12, 24 and 48 hr are reported.

4.2.1 Phase identification

Figure 4.9 shows the XRD patterns of the small MnBi powder (particle size
< 20 um) and large MnBi powder (particle size of 20-53 um) measured by using a
Rigaku Smart Lab Diffractometer (Cukgq, 1.54 A) with 28 of 20-60°. The MnBi powders
were sintered at vacuum pressure below 5x10” mbar at 325 °C for 12, 24, and 48
hours, denoted as 325 °C 12hr, 325 °C 24dhr, and 325 °C 48hr samples, respectively.
Three main phases could be identified from the XRD patterns, which are Bi phase (card
No. 96-231-0890), MnBi phases (card No. 96-900-8900), and MnO phases (card No. 96-
101-0394). It is noted that MnO was also detected. This oxide was discussed in the
previous section that it might be formed after the sintered product was taken out from
the vacuum and exposed to air. The MnBi/Bi content ratio was estimated from the
height of the MnBi and Bi intensity ratio. For the small particle size samples, the MnBi/Bi
content ratio was found to be 1.68, 3.13 and 1.98 for the samples sintered for 12, 24,
and 48 hrs, respectively. While the large samples, these ratios were 2.67, 4.79 and 3.40
for 12-, 24-, and 48-hr sintered samples, respectively. The two tends increase and
decrease after the sintering temperatures increase. The MnBi/Bi content ratio did not
increase as a linear function of sintering time as expected. This expected result is one

of the issues for further study.
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Figure 4.9 XRD patterns of the MnBi samples with (a) small particle size (< 20 ym) and

(b) large MnBi particle sizes (MnBi 20-53 pm). The MnBi samples were sintered at 325

°C for 12, 24, and 48 hrs.



7

4.2.2 Magnetic properties

Figure 4.10 shows the room temperature M-H curves with demagnetization field

correction of the MnBi powder samples sintered at 325 °C for different durations. For
the sintered MnBi sample with small particle size, the H,; are 4.9830.24, 2.7440.13 and

2.047£0.10 kOe, and M are 45.79£2.28, 55.07£2.75 and 55.781:2.78 emu/s for sintering

times of 12, 24, and 48 hrs, respectively. For the samples with large particle size, the
H,; are 2.4910.12, 1.5530.07 and 1.71%0.08 kOe, and M, are 54.27£2.71, 59.891%2.99

and 62.79£3.13 emu/g for sintering times of 12, 24, and 48 hrs, respectively. It is
apparent that the H,; decreases and M, increases with increasing particle size. This is in
an agreement with the results obtained from the MnBi samples sintered at 275, 325
and 375 °C for 12 hrs, as reported and discussed in the previous section that the lower
values of H is from the fact that large particles are the agglomerations of smaller
particles bonded with Bi and, thus, the rotations of particles is more restricted. For the
same set of sample size, the increase of M; may be explained by the increase of LTP-

MnBi content since longer sintering times result in more LTP-MnBi is formed.

It is interesting to point out the difference in shape of the M-H curves for the
samples sintered for different durations. For small particle samples, the H,; decreased
45% from 4.98 to 2.74 kOe when the sintering time increased from 12 to 24 hrs.
However, when the sintering time increased from 24 to 48 hrs, the H, decreased only
by 25% from 2.74 to 2.04 kOe. It is well understood that the value of H increases with
decreasing of MnBi particle size. For the 12-hr sintering sample, the thickness of LTP-
MnBi layers formed on the exterior of the particles and interior surface on the crack
surface in the particles are thinner than that for the 24- and 48-hr sintered samples.
These thin layers, as compared to the magnetic domain, give rise to a higher value of

H, than that for the thicker LTP-MnBi layers.
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Figure 4.10 Room temperature M-H curves with demagnetization field correction of (a)
the small MnBi particle size and (b) large MnBi particle size samples sintered at 325 °C

for 12, 24, and 48 hrs.
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Figure 4.11 The energy product, (BH)max, Of the MnBi samples with particle sizes less

than 20 um as a function of sintering time.

Figure 4.11 shows the value of (BH),..x as a function of sintering time. Only the
small particle size samples are of interest in order to avoid the considerations of the
effects from the particle agglomerations. The energy product is in general considered
as one of the performance indicators of magnetic materials and magnets. The higher
energy product, the higher potential for the magnetic materials and magnets to
generate energy. The values of (BH),qare 2.84, 5.25, and 5.59 MGOe for the samples
sintered for 12, 24, and 48 hrs. This trend of (BH)..x is similar to the trend in earlier
report (Mican, Hirian, Isnard, Chicinas and Pop, 2015). It is interesting to note that LTP-
MnBi prepared in this work yields (BH),... for as high as those synthesized by melt-
spinning process (Kim et al., 2017; Yang et al., 2012), even though the values of the
melt-spinning samples were from the pre-magnetic aligned samples. This, again,
confirms that the low-temperature vacuum-sintered LTP-MnBi exhibits comparable
performance with other advances technique. However, the technique used in this work

consumes less energy and time and can be up scale easily for mass production.
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4.2.3 Diffusion in MnBi layers

A cross-sectional MnBi powder particle sintered at 325 °C for 48 hrs, as shown in

Figure 4.12(a), was prepared by an Ar ion beam slope cutting device.

The brightest areas, mostly, surrounding the MnBi powder particle are Bi. There
are also the areas with brightest tone on the powder particle, which are also identified
to be also Bi. This indicates that the powder particle was, in fact, partially cross-
sectioned, only the central part of the particle was well cross-sectioned. More
materials should have been removed to obtain good cross-sectional sample for the
whole MnBi particle, however, it was not necessary for this study. The grey areas,
mostly in the central part of the particle, are the un-interacted Mn. MnBi observed on
the sample were from the MnBi formed at the exterior surface of the Mn particle, seen
as the bright continuous area on the outer part, and the MnBi formed at the side-
surfaces of the crack in the Mn powder particle, seen as a spider-web feature extending
from the outer to inner parts. The formation of the MnBi layers on the crack surfaces
were observed as two bright stripes sandwiching the crack, as shown in the higher
resolution SEM images in Figure 4.12(b), (c), and (d) for the particle samples sintered at
325 °C for 12, 24 and 48 hrs, respectively. The processes involving this formation of
MnBi were discussed in the previous section. The main mechanism for controlling the
thickness of these MnBi is diffusion Mn and Bi through the forming MnBi layer. As
expected, a longer sintering time, the thicker MnBi layer was formed. This is of course
the result from the diffusion limited mechanism. The symmetry of the MnBi layers
observed was the resulted from the fact that the crack surface was not perpendicular

to the surface of the cross-sectional sample (Borsup et al., 2022).

The same method, as employed in the previous section, for estimating the
thickness of the MnBi layers form on the inside surface of the crack was carried out.
Figure 4.13(a), (b), and (c) show the histogram of the thickness of the MnBi layers
formed on the crack surfaces for the particles sintered at 325 °C for 12, 24, and
48 hrs, respectively. Each histogram was obtained from measuring the zoom-in SEM
image as shown in Figure 4.12 for a total of 120 data points using the program

Image J (Schneider et al., 2012).
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Then, the histograms were fitted with a Gaussian function. The average diffusion length
was estimated to be Lyeq + 20, where Loy, oare the peak position and  the standard
deviation of the Gaussian function, respectively. The results were used to calculate
the mean, standard deviation, and a maximum MnBi layer thickness as shown in Table

4.3.

(b) Zoom in
325°C_12hr

(c) Zoom in
325°C_24hr

Figure 4.12 (a) A cross-sectional MnBi powder at 325 °C for 48 hr was prepared by ion
beam slope cutting device and the zoom-in SEM images of a cross-sectional MnBi
powder in the (b) 325 °C 12hr, (c) 325 °C 24dhr, and (d) 325 °C _48hr at nearly the

crack, respectively.
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Figure 4.13. Histogram of the thickness of MnBi layers in the (a) 325 °C_12hr, (b)
325 °C_24hr, and (c) 325 °C _48hr. Each bin of the histogram is 0.05 um.
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Table 4.3 The mean, standard deviation, and the maximum MnBi layer thickness

prepared at different sintering time.

Peak position, Diffusion length,
ID Sample L peak T o2 Lmax = Lpeak + 20
(um) (um)
325 °C 12hr 0.328+0.062 0.576
325 °C_24hr 0.366+0.105 0.786
325 °C 48hr 0.431+0.148 1.023

1.2

—i— Diffusion length (calculated)
114 —e—L measurement)

max (
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Figure 4.14 Comparison of calculating MnBi layer thickness in the 1°' order diffusion
equation and experimental MnBi layer thickness prepared at 325 °C for 12hr, 24hr, and
48hr, respectively.
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Figure 4.14 presents the comparison of the MnBi layer thickness calculated from
the first order diffusion equation and the experimentally measured MnBi layer
thickness formed by sintering at 325 °C for 12, 24, and 48 hrs. In previous section, the
diffusion coefficient of the MnBi powder (D) were deduced from the samples sintered
at 275, 325 and 375 °C for 12 hrs. D, = L%/t where t is a duration time and L is the
diffusion length or the MnBi layer thickness. The D, values were 3.47 x 107* cm?/s,
7.68 x 10 cm?/s, and 15.30x10* cm?/s for sintering temperatures of 275 °C, 325 °C,
and 375 °C, respectively. With the known diffusion coefficient, the diffusion length or
the thickness of the MnBi layers could be calculated from the relation L= (D, t). The
calculated MnBi layer thickness values were 0.576 um, 0.814 um, and 1.152 um for
the samples with sintering time 12, 24, and 48 hrs, respectively. The calculated values
were close to the experimentally measured MnBi layer thicknesses which were 0.576
um, 0.786 um, and 1.023 pm. There is the difference in the calculate and measured
values, and the difference increases with sintering time. This might be that the 1 order
diffusion equation may not be adequate for prolonged sintering. The 1 order diffusion
equation is generally accurate for diffusion in a short distance or short diffusion time.

That is the case shown in the figure.

4.3 Long-term stability of LTP-MnBi

The product from liquid-phase sintering a mixture of Mn and Bi powders at low-
temperature in vacuum composed LTP-MnBi, Bi and Mn. Thermal stability of this
sintered product is of great important for future utilizations. This section reports the
changes in magnetic property, structures and chemical of the sintered product over
an extended period. Mn and Bi powder with atomic ratio of 1:1 was mixed and sintered
at 275 °C for 3 hrs in vacuum. The particle size of Mn powder was below 20 pym. After
sintering, the sample was ground and sieved to select powder particles with size of
less than 20 um. The fresh and 18-month-old MnBi samples were investigated by
different characterization techniques i.e., VSM, XRD, SEM/EDS, and XAS. The 18-month-
old MnBi sample was the sintered MnBi powder packed in a sealed tube, which is in

fact a sample container of the VSM system.
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4.3.1 Magnetic properties

The room temperature M-H curves with demagnetization field corrector of the
MnBi powder stored in a sealed tube as a function of storing time are shown in Figure
4.15. The important parameters of the magnetic property are given in Table 4.4. It is
noted that sealing of the VSM container is not vacuum sealing, it is just an ordinary lid
of a plastic container. For over the 18 months, the sample was always kept in the
tube. It is obvious that there were almost no changes in the M-H curve after the sample
was stored for 2 months. The dramatic changes were observed when the sample was
7 months old. Both coercivity and remanent magnetization increased by approximately
30%. After storing for another 7 months, the coercivity and remanent magnetization
kept increasing but with lower increasing rates. For the 18 months old sample, the
coercivity increased but the remanent magnetization decreased slightly as compared
to the 14 months old sample. It is interesting to note that, for the whole storing period
of 18 months, the energy product increase with storing time while the saturated
magnetization remained almost unchanged, very slight reduction though. The change
pattern of the M-H curve for MnBi have not been reported before. Thus, it was

worthwhile for in-depth investigations to understand physics behind the change.
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Figure 4.15 Room temperature M-H curves with demagnetization field correction of

the samples stored in a sealed tube up to 18 months.
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Table 4.4 Magnetic properties (H, My, (BH)nqa) of MnBi sample at different ages or

storing periods.

Sample or H; (kOe) M, (emu/g) (BH) pax

ID/Storing time (MGOe)
oM 5.15%0.26 43.2312.16 1.77
2M 5.3410.27 43.21%2.16 1.92
™ 6.8710.34 43.05%2.15 2.50
14M 7.4310.37 42341211 2.84
18M 7.8110.39 41.98%2.15 2.70

4.3.2 Surface morphology of LTP-MnBi powder

Figure 4.16(a) and (b) are SEM micrographs showing the morphology of the fresh
and 18-month-old MnBi powder samples. The analysis of particle size was carried out
by using the ImageJ software. It was found that the average particle size of the MnBi
powder increased from 9.7 pm for the fresh sample to 33.9 pm for the 18-month-old
sample, as seen in Figure 4.16(c) and (d). This scenario could be expected by the nature
of small and light particles with high magnetic strength. The substantial of large particle
size may occur by self-magnetic attraction assisted by environmental humidity and
sample storage. There are additional factors playing an important role in the 18-month-
old sample. Figure 4.16(al) and (a2) show the zoom-in SEM image of the individual
MnBi particle, respectively. The selected two areas of EDS square scan were presented
in Figure 4.16(e). The quantities results of EDS square analysis for the fresh sample and
18-month-old are composed of Mn, Bi, and O elements. The atomic percentage of O
increased from 12.73% for the fresh sample to 35.30% for the 18-month-old sample.
The atomic percentage trend of O increases while Mn decreases, and Bi remains almost
unchanged. The Mn fluctuates with O more than Bi, indicating that Mn is highly

sensitive to oxygen.
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Figure 4.16 SEM images of (a) fresh and (b) 18-month-old MnBi powders. The particle
size distribution of MnBi powders shown in (c) and (d). The red squares in (a) and (b)

are the areas for EDS measurements to determine the elemental composition, as

shown in (e).
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4.3.3 Phase identification

XRD measurements and analysis were performed to identify not only the phase
structure but also the degree of randomly phase distribution. As seen in Figure 4.17(a),
the wide scan XRD patterns of all samples present the dominant peaks of MnBi phase
(card No. 96-900-8900) and Bi phase (card No. 96-231-0890) as well as tiny peaks of Mn
phase (card No. 96-901-1109) and MnO phase (card No. 96-101-0394). The crystallite
size (D) can be calculated by full width with half maximum (FWHM; B) with formula is
D = KA

" BCoso
are 51.75 nm, 35.53 nm, and 0.17 deg., 0.26 deg. for the fresh and old samples,

), where is K = 0.9 is shape factor constant. The crystallite size and FWHM

respectively. The old sample had a smaller crystallite size than the fresh sample. The
percentage of crystallinity of two samples are 93.64% and 85.86%, respectively. They
can be estimated by Integral Gaussian fitting of peak (sum area/area all of peak*100).
This is a very clear evidence result that sample exposure to air can be found slightly

low crystallinity.

After exposing to the air of up to 18 months, the XRD patterns are rather similar
to the fresh sample indicating the robustness of our LTP-MnBi prepared by vacuum
sintering which is in contrast to other reports (Janotova et al.,, 2018; M. Y. Sun et al,,
2016; Villanueva et al.,, 2019). It is noticeable that the ratio of the main Bi (6~27°) and
MnBi (0~28°) peaks of the old sample is distinct from the fresh sample. This result has
been described elsewhere by the role of randomly magnetic distribution (RMD) (V.

Nguyen et al., 2014).

The degree of RMD can be determined by the relative intensity ratio (y)
between the out-of plane and in-plane XRD peaks commonly be referred to the MnBi

(002) and MnBi (101) with angle of 28.2 and 29.2 degrees, respectively. A formula is
_ 1(MnBi(002)
Y = (I(MnBi(lol))[O.loz

0.102 (Poudyal et al., 2016; Truong and Vuong, 2015).

]), where a fully isotopic MnBi powder of theoretical value is
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Figure 4.17 XRD patterns of the fresh and 18-month-old LTP-MnBi showing at different
20 ranges (a) 20-60 deg. (b) 27.79 - 30 deg. And (c) 32 - 44 deg.
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The zoom-in XRD patterns between 26 = 25 °- 30° are shown in Figure 4.17 (b),
where y can be calculated to be 0.71 and 0.84 for the fresh and 18-month-old
samples, respectively. The 18-month-old sample possesses the higher y indicating
better magnetic self-alignment as compared to the fresh sample. This result may be
caused by the storage environment of the 18-month-old sample which was squeezed
in the limited space and aligned multiple times during VSM measurements. The degree
of magnetic self-alignment is strongly related to H,; (Poudyal et al., 2016). In principle,
if the sample is better aligned, higher force is required to flip the magnetic domain
than the randomly aligned sample resulting in higher H. (Jain, 2010). This would
describe the enlargement of H, in the 18-month-old sample (Figure 4.15). In view of
oxidation, the zoom-in XRD patterns near the baseline are presented in Figure 4.17 ().
Some additional tiny peaks (assigned to MnBiO; (card No. 96-434-0613) and MnO
phases) were revealed in 18-month-old samples. The low oxides contents could be
described by the low free-Mn content on the surfaces which is the advantage of the
LTP-MnBi prepared by vacuum sintering. A similar result with Yoshida et.al were
observed, they found a low free-Mn content in MnBi ingot at zone-melting, the
selecting temperature prepared during phase transformation of HTP to LTP (H. Yoshida,
Shima, Takahashi and Fujimori, 1999).

4.3.4 Local structure of Mn atoms

The X-ray absorption (XAS) technique was used to determine the changes of
local structure and the oxidation around Mn atoms of the MnBi samples. The
experimental and theoretical results of XAS measurement were analyzed by ATHENA
software (Ravel and Newville, 2005) and the Feff code version 9 (Rehr, Kas, Vila, Prange

and Jorissen, 2010).

Figure 4.18(a) shows the simulated MnO and MnBi XANES spectra. It was found
that MnBi possesses broader spectrum with higher positions of the edge-shift and the
highest peak energies than MnO. Figure 4.18(b) represents a consistency between our
measured Mn K-edge XANES spectrum of the OM sample and the MnBi:MnO (1:1)
linearly combined spectrum. This feature refers to the initial composition of MnO which

may cause to the low magnetic performance of our as-prepared sample.
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Figure 4.18(c) shows the Mn K-edge spectra of the fresh and 18-month-old
samples as well as the standard Mn-foil (Mn®) and MnO (Mn?*) spectra. It was found
that XANES spectra of all samples are similar to the MnO confirming oxides were
initially formed on the fresh MnBi samples. The absorption edge of 18-month-old
sample seems to be unchanged. The white-line intensity of 18-month-old sample was

lower compared to the fresh one indicating more oxidation upon agins.

To better understand such behavior, the Fourier transform magnitude in r-pace
of experimental and standard samples were computed from EXAFS spectra and
represented in Figure 4.18(d). The curves of all samples were closed to the MnO than
Mn spectra. We focus on the first Mn-O and Mn-Mn shells which were assigned peak
position at R = 1.6 and 2.6 A, respectively (Nieminen et al., 2019). Interestingly, The
Mn-Mn bond of the 18-month-old sample is located at the same position but its Mn-
O bond is shifted outward from the reference. This may be implied that the 18-month-
old was a small amount of oxidation. We have not an experimental fingerprint of LTP-
MnBi to reference the 18-month-old sample. LTP-MnBi is the hexagonal NiAs
(P6s/mmc) structure (Bandaru, Sands, Weller and Marinero, 1999). The calculated Mn-
Bi bonded lengths are 2.88 R (Persson, 2016), which is close to Mn-Mn peak as seen in
Figure 4.18(d). Hence, the MnBi powder stored in the 18-month-old sample has
virtually no degradation. The oxide layer only occurs on the surface (Mn-O bonding)

while the Mn core is unchanged (Mn-Mn bonding) upon aging.
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Figure 4.18 (a) Theoretical K-edge XANES spectra of MnO (cal.) and MnBi (cal.), (b) the
comparison of theoretical XANES spectrum for MnBi+MnO and experimental XANES
spectrum of fresh MnBi, respectively, (c) Mn K-edge XANES spectra of LTP-MnBi and

standard samples, (d) Fourier transform of EXAFS spectra of previous samples (fresh

MnBi, old MnBi, and standard samples).
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Figure 4.18 (Continue) (a) Theoretical K-edge XANES spectra of MnO (cal.) and MnBi

(cal), (b) the comparison of theoretical XANES spectrum for MnBi+MnO and

experimental XANES spectrum of fresh MnBi, respectively, (c) Mn K-edge XANES spectra

of LTP-MnBi and standard samples, (d) Fourier transform of EXAFS spectra of previous

samples (fresh MnBi, old MnBi, and standard samples).
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In this part, the diffusion mechanism is introduced as a key role to explain
overall experimental results analytically and logically. Since an increase of (BH),.cand
the opposite tendency of Fourier transform magnitude in r-pace could not be
interpreted without adding this term. As mentioned in our previous work (Borsup et
al., 2022), the formation of LTP-MnBi during vacuum sintering were described by the
diffusion mechanism. The MnBi concentration is directly related to the diffusion length
which can be calculated using the diffusion relation D, = L?/t, where t and L are the
diffusion duration and length, respectively (Van Nguyen and Nguyen, 2017). Because
the sample reported in this work were sintered at 275 °C for only 3 hr, the (BH),,qx Of

68.50 % compared to our previous work (sintered at 275 °C for 12 hr) is reasonable.

Applying the diffusion coefficient of 3.47 X 10 cm?/s (at 275 °C), the calculated
diffusion length of 204 nm has been obtained for the fresh sample. This is about 53%
of the diffusion length reported earlier (L,,., = 387 nm) which is quite consistent with

its (BH) -

From the fact that the diffusion process can be continued in much lower rate
even at room temperature. By applying Arrhenius plot of activation energy, the
diffusion coefficient can be calculated to be 1.45995E-17 cm?/s at room temperature.
An additional diffusion length of 260 nm can then be obtained after storing in the VSM
sample container for 18 months. Hence, overall diffusion length could be estimated,
by the summation between initial and additional lengths, to be 464 nm. This value is
closed to those obtained in previous work with comparable (BH)., as depicted in
Figure 4.19. The (BH), . of the 18-month-old sample increases from fresh to 14-month-
old samples. The highest (BH),,.« Was observed in the 14-month-old sample whose is
then slightly dropped after 18 months. This is due to the large number of magnetic
domains in the MnBi layer, as the thickness of MnBi layer increases with increasing aging
time, increasing H;and in part due to the oxide formation affects to the degradation

of MnBi magnet exposed to air.
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Figure 4.19 Discussion: a relationship of the maximum energy product and diffusion

length with a difference period.

4.4 Decomposition of MnBi at 150 °C

This section reports the study of decomposition of LTP-MnBi at elevated
temperature. LTP-MnBi powder was prepared at 275 °C for 12hr. After sintering, the
samples were heated at 150 °C for different duration in an oven atmosphere (0, 0.5,
3,6, 12, 24, and 48hr). Annealing time was used as an aging accelerator to monitor the
degradation. The ID samples were formatted as MnBi_time. For example, MnBi_48 is
the sintered MnBi sample that was heated at 150 °C for 48 hr. Then, the properties of
their samples heated at various duration were characterized by several techniques;

SEM/EDS, XRD, VSM, and XANES have presented in the details below.
4.4.1 Surface morphology and chemical composition

Figure 4.20 shows the SEM images and their corresponding colors (inset) of the
LTP-MnBi powder heated at 150 °C for different periods of time. The surfaces of MnBi_0
was contributed with the white and grey areas, corresponding to the Bi and MnBi
phases which are detected by EDS analysis, as seen in Figure 4.20(a). The excess of

liquid Bi on the surfaces can be understood as the residue of incomplete diffusion
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process during liquid-phase sintering (LPS) (Van Nguyen and Nguyen, 2017). The average
particle size of the sintered sample is 20 um which is approximately three times larger
than the milled-Mn particles (~9 pm) resulting from the Mn-Bi densification during LPS.
It is seen that the proportion of Bi phase decreases as a function of heating time
(reduction of white area ratio) where most of the Bi areas are obviously appeared as
white circular particles labelled by green narrow. As a function of heating time, the
oxygen content increases as seen in points A and D of Figure 4.20(h). In addition, point
C has more Mn than point B, resulting in a higher oxygen content. This could be

described by the reactive nature of Mn which is oxidized much easier than Bi.

By considering the colors at each condition, the MnBi 0 possesses the light
brown color which is rather similar to the starting Bi powder. This is possibly related to
the numerous coverages of Bi on the surfaces as seen in the SEM image (Figure 1(a)).
Its color turns to darker brown and then navy blue after 0.5 and 3 hr heating time,
respectively. The color slightly changes to dark green afterwards, however, not obvious.
The changes in sample’s color might be described by the formation of manganese
oxide in different oxidation states. For example, the Mn?" is pale pink, Mn*" is
brown/black and Mn®" is green. 3+, or any incorrect color. (Received from
https://www.chemicool.com/elements/manganese.html). The striking color changes

are consistent with the domination of oxide areas as seen in the SEM image.
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- Bi rich

Mn rich

Figure 4.20 SEM images of LTP-MnBi powder heated at 150 °C at different duration; (a)
0, (b) 0.5, (c) 3, (d) 6, (e) 12, (f) 24, and (g) 48hr. Inset shows their corresponding colors
of all samples, and the specific points of EDS analysis (A, B, C, and D) in (h).
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Figure 4.21 (a) X-ray diffraction patterns of LTP-MnBi powder heated at 150 °C for
different duration. (b) The zoom-in patterns of selected conditions revealing several

forms of impurities.
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4.4.2 Phase identification

The XRD patterns of MnBi samples after thermal annealing as a function of
heating duration and the zoom-in XRD patterns of selected conditions revealing several
forms of impurities are shown in Figure 4.21(a) and Figure 4.21(b), respectively. The as-
sintered sample (red spectrum) has mainly contained MnBi (card No. 96-900-8900) and
Bi phases (card No. 96-231-0890), also including to the tiny peaks of MnO phase (card
No. 96-101-0394). After heating duration, the intensity of MnBi main peaks decreased
whereas the Bi and Mn peaks experienced an increase as a function of heating time.
The oxide peaks were 26 = 30.27, 31.75 32.76, 33.18, 46.17, 46.96, 54.23 and 55.5 deg,
which indicated by the vertical black dot. The tendency of those peaks increased with
increasing heating time. Those peaks corresponded to MnO (card No. 96-101-0394),
MnBiO; (card No. 96-434-0613) and Bi,Os (card No. 01-074-1375) phases, respectively.
The percentage of MnBi concentration were calculated approximately using the
relative area ratio between the intensity of main MnBi and Bi peaks (26 = 27.27 and
28.07 deg, respectively) to be 51.9, 48.8, 40.8, 31.7, 23.6, 15.8 and 12.4 wt% for MnBi_0,
MnBi_0.5, MnBi_3, MnBi_6, MnBi 12, MnBi_24 and MnBi_48, respectively. However, the
oxide content is relatively low, not more than 5% of MnBi 48. The oxide formation
was likely formed at the surface. The high residual Bi content is due to the fact that Bi
is more difficult to oxidized than Mn (Villanueva et al., 2019). The XRD results support
the MnBi decomposition, Mn and Bi segregated from MnBi during heating, leading to

MnBi phases decreased (J. Cui et al., 2014).
4.4.3 Chemical composition

Figure 4.22 shows the Mn-K edge XANES spectra of the selected conditions
(MnBi_0, MnBi_12 and MnBi_48), references spectra (MnO and Mn,0,), and the old
theoretical results of calculated MnBi in Feff code version 9 (Rehr et al., 2010). It can
be seen that the edge energy and lineshape of the as-prepared sample is similar to
the reference for both MnO and MnBi (cal.), indicating that the MnBi oxidation state is
close to Mn?*. The edge energy of all experimental spectra was slightly shifted to
Mn,O5 reference (Mn**) and the whiteline increased as elevated heating duration

implying an increase of oxides.
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The changes in oxidation states of the aged samples were determined by using
the linear interpolation between edge energy of MnO (Mn?*, edge energy = 6544 eV)
and Mn,05(Mn**, edge energy = 6548 eV). The oxidation states were calculated by the
form: x = 3 — z, where x is oxidation state, and z is a MnO fraction (the 100% of MnO
faction = 1 at edge energy of 6544 eV.) Note that, only the MnO fraction were used as
qualitative oxidation state determination and we admitted that other forms of
manganese oxides are also expected in the heated sample. The calculated oxidation

states are 2, 2.75 and 3 for MnBi_0, MnBi_12 and MnBi_48, respectively.

12 hr

Normalized absorbance (a.u.)

| —— 48 hr
- MnBi (cal.)
- — MnO
N Mn,04
25
__P!:-f‘-f{’//
T T T T T T
6530 6540 6550 6560 6570 6580

Energy (eV)
Figure 4.22 The Mn K-edge XANES spectra of MnBi powder heated at 150 °C for

different duration. Dashed lines represent MnO, Mn,0O5 and calculated MnBi spectra.
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MnBi powder heated at 150 °C for different duration. (b) Extracted saturation
magnetization (M,), coercivity (H.) and the calculated energy products ((BH) ).
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4.4.3 Magnetic properties

The magnetic properties of MnBi powder heated at different duration were
studied by VSM. The room temperature M-H curves with demagnetization field of MnBi

powder at different conditions were plotted in Figure 4.23(a).

Their corresponding magnetic values including saturation magnetization (M),
coercivity (H.) and energy products ((BH),...) were presented in Figure 4.23(b). The
magnetic properties of the as-fabricated sample are M, = 45.31 emu/g, H.; = 5.98 kOe
and (BH)ax = 1.90 MGOe. A comparison of (BH),,.x between MnBi__0 and the small MnBi-
275 °C for 12 hr (Table 4.1) is 12.84%, which is possibly due to relatively low MnBi
content in these sample batches. This circumstance can be expected from the
inhomogeneous MnBi formation which is varied by gravitational effect, initial mass,

and other uncertain factors during LPS.

As seen in Figure 4.23(b), the value of M, decreases noticeably from 45.31 to
2.38 emu/g or by 90.01% in the last condition. The H. rose from 598 kOe and
saturated at the value of about 8.62 kOe after 48 hr heating time due to oxidation
(M.Y. Sun et al,, 2016). With a dramatic decrease of M, the (BH).x dropped sharply
after heating where only (BH)ox = 0.00004 MGOe were observed in the sample heated
at 150 °C for 48 hr. The greatly reduction of ferromagnetic response in the
heated sample is agreeable with a reduction of LTP-MnBi content shown in the XRD
patterns of Figure 4.21(b). The reduction of MnBi content is considering much faster
than by natural aging. It was reported that 54% drop of M, for MnBi thin film with 10
nm Ta capping after 6 days of exposure time which was completely disappeared
after 4 months (Villanueva et al., 2019). Another reports no significant change for
MnBi thin film protected with a Ta capping layer while the sample without capping
layer experiences a 35% drop after 14 days’ exposure to air (J. Sun et al,, 2016).
In addition, it is reported that the magnetic properties of the MnBi powder which was
sealed in epoxy resin and kept under Ar atmosphere showed no considerable change
up to 80 days while the one kept under ambient atmosphere attributed to a dramatic
decrease after exposing longer than 7 days (Ly et al, 2014). From above

characterizations, it was found that thermal strongly affects to the magnetic
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performance through the reduction of the MnBi content resulted from the segregation
and oxide formation. This works pointed out that thermal is one of the crucial

parameters for degradation, in addition to the atmosphere and protection.



CHAPTER V
CONCLUSION AND FUTURE RESEARCH

5.1  Conclusions

This thesis work showed that low-temperature liquid phase sintering (LPS) in
vacuum requires no extensive post-sintering processing, and thus is a facile technique
for mass production of LTP-MnBi with good magnetic properties. Powder of LTP-MnBi
with coercivity of about 5 kOe at room temperature has been achieved by a single-
step low-temperature LPS. The highest (BH),., of 5.5 MGOe was obtained for the MnBi
powder sintered at 325 °C.

The complex nature of the liquid phase sintering processes for synthesizing
LTP-MnBi was explained. The diffusion mechanism plays an important role in the
formation of LTP-MnBi during low-temperature LPS in vacuum. At sintering
temperatures higher than the melting point, Bi powder was melted into liquid before
migrating over the surface of the Mn particles, and along the cracks within the Mn
particles. LTP-MnBi layers were formed when Bi diffuses into the bulk Mn particles
from their exterior surfaces and from interior surfaces of cracks within the particles.

The diffusion coefficient was deduced from the measured diffusion length
obtained by using EDS line scans of the cross-sectional MnBi particles. At temperatures
between 275 and 375 °C, the diffusion coefficient was found to follow the Arrhenius
equation with the pre-exponential factor of 5.33 x 10° cm?/s and activation energy
of 0.45 eV. This equation provides the information to estimate the thickness of LTP-
MnBi layers sintered at any temperature between 275 and 375 °C for a given sintering
duration. Therefore, proper parameters of the starting materials and optimum
conditions for the sintering process could be chosen to achieve the best performance
sintered LTP-MnBi. The optimum sintering temperature shall not exceed 340 °C to

obtain high performance LTP-MnBi with no HTP-MnBi.



104

At room temperature, sintered LTP-MnBi exhibits interesting changes that the
magnetic performance improved with aging. The coercivity and energy product were
found to increase with aging (or storing time). At room temperature, LTP-MnBi is rather
stable. However, LTP-MnBi is easily decomposed at 150 °C in air atmosphere. The
decomposition was caused mainly by oxidation, yielding Mn oxides and Bi. Therefore,
the prevention to expose to air must be taken into account seriously to utilize this
material at elevated temperatures. Capsulated or thin film coating maybe a solution

to this problem.

5.2 Future works

Low-temperature sintering in vacuum is quite a promising method for mass
production of LTP-MnBi magnetic materials. However, there is a stringent condition
that high content LTP-MnBi shall be obtained from the sintered products. Since
diffusion is the main process limiting the formation of LTP-MnBi, especially at low
temperatures limited by the maximum sintering temperature avoiding the formation
of HTP-MnBi. Thus, there are two possible approaches for enhancing the LTP-MnBi
content i.e., increasing sintering time and reducing the initial Mn particle size. The
former may not be favorable since it is both time and energy consuming. The latter is
very attractive to explore. Reducing the starting Mn powder particles to be about or
less than 1 um will greatly decrease require sintering time to transform a whole Mn
particle to be LTP-MnBi. Ball-milling may not be applicable for reducing the Mn particle
prior to sintering. Atomizing technique might be the technique for mass production of
Mn powder with particle size of about or less than 1 pum. Not only the increase in LTP-
MnBi content, but also the increase in the value of coercivity will benefit from the
small particle size.

The formation of LTP-MnBi layers on exterior surface of the Mn particles and
on the interior surfaces on the cracks inside the Mn particle resulting complex LTP-
MnBi materials. It is interesting to investigate the magnetic domains in this material
system. The LTP-MnBi layers are in fact the MnBi sheets with irregular feature due to
the complex nature of the cracks. Magnetic force microscope (MFM) shall be employed

for this kind of investigation.
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Thermal stability and decomposition of LTP-MnBi shall be explored more in-
depth. Study of thermal stability of the LTP-MnBi at different elevated temperatures
shall be carried to identify the maximum working temperature. Capsulating and thin
film coating shall also be investigated to seek for solutions for protecting the LTP-MnBi
in hazardous ambient.

Last but not least, development of permanent magnets using shall also be
investigated. This might also include the utilization of LTP-MnBi as a hard phase

magnetic materials for composited permanent magnets.
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