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PREFACE

I remember working at Devine’s Pharmacy in Edison, New Jersey as a part-time
store clerk throughout high school. When discussing with one of the pharmacists about
my future direction, | was so confident that nanotechnology was going to change the
world, and I wanted to be a part of this change. I don’t really remember how at that age |
was introduced to “nanotech”, but I think it was from watching Saturday morning
cartoons. It was for this reason that | later decided to pursue a bachelors in materials
science and engineering at Rutgers.

As it turns out, changing the world actually takes quite a lot of time, energy, and
discipline. Hungry to make an impact somehow, | devoted a lot of my efforts into
Engineers Without Borders (EWB), a student organization that seeks to empower third
world countries by implementing sustainable energy solutions. For years, we helped a lot
of people through EWB.

During my third year at Rutgers, life brought me to a major fork in the road where
key decisions regarding my career were to be made. | was studying abroad in
Manchester, United Kingdom when | had to choose between a materials science summer
research internship at UC Berkeley or spending the summer in a Mayan village in
Guatemala to help design a system for bringing potable water to the storm-ravaged
community. It was not with a heavy heart that | picked to go to Berkeley; I had before me
two great choices. While at Berkeley, | did some good work with Jan Seidel and so

formed a good relationship with my advisor at the time, Professor Ramamoorthy Ramesh.

XX



When | decided to attend UC San Diego for graduate school, | was offered a
position by Professor Sungho Jin to do work on nanostructured thermoelectrics in a joint
collaboration with him and Professor Ami Berkowitz. | consulted with Prof. Ramesh who
informed me that he had been a post-doc of Ami’s and that I should definitely take this
opportunity. In doing so, | worked as part of a collaboration with Samsung, while also
undertaking a part-time project to produce hollow aluminum particles for a small
company. As it turns out, the aluminum project lead to the suggestion of optimizing
parameters in order to achieve a high fraction of nanoparticles at an extraordinarily high
production rate. This discovery was applied to the thermoelectric project, and many of
the successes are reported Chapter 2 of this dissertation.

Having developed the spark erosion technique into a versatile mass-nanoparticle
producing machine, our team was able to secure a DOE ARPA-E grant for producing
magnetic nanoparticles for permanent magnets. | decided to transition into this project
despite my relative lack of interest in magnetism primarily due to the clean energy
implications, and to my loyalty to Ami. This work is reported in Chapter 3 of this
dissertation.

If there is any practical point to this preface other than being a self-promoting
memoir, it’s that it serves as my stark justification for the heavy emphasis on the clean
energy applications of this work. This has always been my reason for all that I’ve done in
my young career — a foolish ambition to make a difference, to change lives, and to do

meaningful work that may one day change the world.
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The global trend towards energy efficiency and environmental sustainability has
generated a strong demand for clean energy technologies. Among the many energy
solutions, the work in this dissertation contributes to two strategic goals: the reduction of
fuel consumption in the transportation sector, and the increase of domestic wind power
capacity. The key barriers to achieving these goals are materials challenges. Automobiles
can be made more efficient by thermoelectric conversion of waste heat from the engine

into electricity that can be used to power electrical components in the vehicle. Vehicles
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can forego petroleum fuel altogether by using electric or hybrid motors. Unfortunately,
the conversion efficiency of current thermoelectric technology is too low to be considered
economically feasible, and the permanent magnets used in electric vehicle motors and
wind turbine generators require critical rare-earth elements that are economically unstable
(often referred to as the “rare-earth crisis”). In order to combat these challenges, a “spark
erosion” technique was utilized for producing nanoparticles that improve thermoelectric
efficiency and contribute to the development of electromotors that do not require rare-
earths.

In Chapter 2 of this dissertation, | describe the utilization of spark erosion for
producing high-quality thermoelectric nanoparticles at a remarkably high rate and with
enhanced thermoelectric properties. The technique was employed to synthesize p-type
BiosSh1sTes (BST) and n-type skutterudite nanoparticles, using a relatively small
laboratory apparatus, with low energy consumption. The compacted BST nanocomposite
samples made from these nanoparticles exhibit a well-defined, 20 — 50 nm size nanograin
microstructure, and show an enhanced Figure of merit, ZT, of 1.36 at 360 K due to a
reduction in lattice thermal conductivity. The skutterudite nanocomposites also show
reduced thermal conductivity but still require enhancement in the thermoelectric power
factor. Such a technique is essential for providing inexpensive, oxidation-free
nanoparticles required for fabricating high performance thermoelectric devices for power
generation from waste heat, and for refrigeration.

We have investigated the spark erosion of MnBi, a promising rare-earth-free
permanent magnet, and have determined that spark erosion provides the best approach for

producing MnBi particles. The low-temperature phase of MnBi (LTP-MnBI) is an
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attractive rare-earth free permanent magnet material due it its high uniaxial
magnetocrystalline anisotropy, which produces an unusually high coercivity at the
elevated temperatures required for motor and generators. However, due to the peritectic
Mn-Bi phase diagram and the slow interdiffusion of Mn and Bi below the 350°C phase
change temperature, bulk samples of LTP-MnBi with high saturation magnetization (Ms)
have been difficult to achieve.

In Chapter 3, we describe the successful formation of high-purity bulk LTP-MnBi
ingots and spark erosion of this material to produce single-domain particles of MnBi at an
unprecedented rate. The bulk ingots have Ms > 90 wt % of LTP-MnBI, and are formed by
chill-casting and by vacuum-annealing of arc-melted ingots. The as-prepared powder
then consists of amorphous, crystalline, and superparamagnetic particles, mostly as
porous aggregates. The major fraction of the powder consists of 20-30 nm particles. A
short anneal crystallizes the amorphous particles producing a high moment, albeit with
Hc of only a few kOe. If lightly milled, the agglomerates are broken up and yield an Hc
of 1 T and a maximum energy product of 3.0 MGOe.

The particles can be further engineered through milling, annealing, and/or
solution processing in order to produce unique properties that hold promise to achieving
the first bulk permanent magnet that utilizes the exchange-spring principle. In addition,
we have found that due to the amorphous component of the spark-eroded powder, a cold
compact can be magnetically oriented by crystallizing in a magnetic field. This
crystallographic alignment is necessary for further improvement of the magnet energy

density.
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CHAPTER 1: INTRODUCTION



1.1 Clean Energy

Renewable energy technologies have become increasingly popular, more recently

due to the 2000’s oil crisis that saw rise in gas prices throughout the United States. The

acceptance of climate change has also bolstered these technologies, promoting the term

“clean” energy, indicating that the source of energy does not contribute to CO2 emissions,

the primary contributor to the greenhouse effect. The benefits to renewable energy are

environmental-friendliness, sustainability, and domestic energy security.

While popularized by cultural and political forces, renewable/clean energy has

long been considered a long-term plan for gradually moving away from fossil fuels.
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Figure 1.1 Historic trend of U.S. energy production by energy source.[! Trends show a
continuous rise in renewable energy and decline of coal energy.



Historic trends for the production of energy in the United States are shown in
Figure 1.1 for various energy sources.™! It can be seen here that in the last decade,
renewables are the only energy sources that continuously grow. Coal continuously drops
due to economic competition from natural gas, which gives off fewer emissions.?! Due to
similar economic forces, the price of crude oil has dropped but has since been rebounding
(at the time of writing this dissertation, the price of gas is half of what is was when |
started my Ph.D. research in 2010). Nuclear energy has fallen overall due to the closure
of 48 nuclear plants in Japan after the Fukushima Daiichi nuclear disaster of 2011.F%!

The continual rise of renewable energy in the U.S. is broken down by source in
Figure 1.2.11 The nameplate capacity indicates the total of the manufacturers’

specifications on the amount of energy a system is capable of producing. While the
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M Biomass
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Figure 1.2 Historic trend of U.S. renewable electricity nameplate capacity by source.!
Trends show a major increase in wind energy, minor increase in solar energy, and relatively
no change in other renewable energy sources.



capacity of most renewable sources remains unchanged, wind energy has grown
significantly due to technology maturity, feasibility, geographical favorability, and tax
incentives.”! For similar reasons, solar energy is also on the rise. The increase in wind
energy capacity requires the use of electric generators. The next section will discuss the
scarcity of materials used in motors/generators and how the work in this dissertation
addresses this sustainability issue in order to assure an energy-secure future that allows
for increased wind generation capability.

The Sankey diagram of energy consumption and application in the U.S. in 2013 is
shown in Figure 1.3.51 This estimation is made by Lawrence Livermore National
Laboratory in conjunction with the Department of Energy every year and is widely used
as the standard for energy calculations. There are two key points to extract from this
figure: 1) petroleum is the largest source of energy in the U.S., and 2) over half of the
energy available is wasted.

Since transportation is perhaps the most crucial component to the U.S. economy,
the heavy use of petroleum should come as no surprise. Wasted energy, however, is a key
focus of the work in this dissertation. In order to improve energy efficiency in the
transportation sector, vehicle manufacturers are aiming for better fuel-efficiency. One
mode of improvement is by waste-heat harvesting using thermoelectric (TE) devices. As
will be discussed in Chapter 2, such devices convert heat into electricity. When combined

with vehicles, the wasted heat can be converted into electricity for use in various
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Figure 1.4 Energy diagram for vehicle system with embedded thermoelectrics. A
thermoelectric system converts some of the waste heat produced by the engine into
electricity that can be used for several components within the vehicle.[®!

electrical components. The diagram in Figure 1.4 shows a model for waste-heat
harvesting of a vehicle system by using the efficiencies of existing motors and
thermoelectric heat conversion devices.l®! In order for TE devices to be economically
competitive, their conversion efficiencies need to be enhanced. This is the focus of the
work in Chapter 2 of this dissertation. Another way to reduce fuel consumption is by
using hybrid- or all-electric vehicles. Like in wind turbine generators, such vehicles

require the permanent magnet components that will be discussed in Chapter 3.



1.2 Sustainability and the Rare-Earth Crisis

The increasing demand for wind turbine generators and hybrid/electric vehicles
requires strong permanent magnets for the mechanical-electrical energy conversion. This
has led to a large rise in the sales of the magnets that are most suitable for this application
(Figure 1.5).[ However, such magnets require rare-earth elements, of which the supply is
dominated by other countries, predominantly China (Figure 1.6).1®1 In 2009, a large spike
in costs for rare-earths supplied by China brought this to international attention. Prices
have since relaxed but remain relatively high (Figure 1.7).1®! This economic instability
has since been deemed the “rare-earth crisis”, driven by cost instabilities due to the

monopoly of rare-earth element supply by China.

$5,000

Neo Magnet Sales in $Millions, USD

$4,500 0 A
by Manufacturing Location

Manufactured in
$4,000

O ROW Fest
$3,500 {— OROW
B USAF'est
$3,000 'BUSA
@ Japan F'cst
$2,500 |- m Japan

B China F'cast
| @mChina

$2,000

$1,500

$1,000

$500

1994 1995 1999

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009E  2010F

Figure 1.5 Historic trend of Nd-based magnet sales by manufacturing location showing an
increasing dominance of Chinese-manufactured magnets and the lack of magnets made in
U.S.[ (© Arnold Magnetic Technologies)
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Figure 1.7 Selected Rare Earth Oxide Prices, 2008-2013.!
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Figure 1.8 Department of Energy Strategic and Critical Elements Chart showing
importance to clean energy and supply risk. Dysprosium is the single most critical
element.[®

For these reasons, the U.S. Department of Energy has declared these rare-earth
elements to be most critical to the domestic clean energy strategy (Figure 1.8).[°1 The
most critical element is dysprosium, which is mainly used for the stabilization of Nd-Fe-
B permanent magnets at the elevated temperature at which they operate for motors and
generators.[*% Because of this, the rare-earth crisis is often referred to simply as a
“dysprosium crisis”. Chapter 3 will discuss the development of rare-earth-free permanent
magnets (REFPM) in order to promote sustainable solutions that do not require these

critical elements.



10

1.4 References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

U.S. Department of Energy, “2013 Renewable Energy Data Book”. NREL,
DOE/G0-102014-4491 (2014).

Center for Climate and Energy Solutions Website. Retrieved February 2015 from
“http://lwww.c2es.org/energy/source/coal”.

M. Schneider and A. Froggatt, “The World Nuclear Industry Status Report 2014”,
Mycle Schneider Consulting (2014).

U.S. Department of Energy, “2013 Wind Technologies Martket Report”. DOE/GO-
102014-4459 (2014),

Lawrence Livermore National Laboratory, “https://flowcharts.linl.gov”, U.S.
Department of Energy, LLNL-MI-410527 (2014)

National Renewable Energy Laboratory, “Feasibility of Thermoelectrics for Waste
Heat Recovery in Conventional Vehicles”, NREL/TP-540-44247 (2009).

S. Constantinides, “The Magnetic Material Challenge”, ARPA-E Workshop
Presentation, Rare Earth and Critical Materials, Arlington, VA (2010).

M. Humphries, “Rare Earth Elements:The Global Supply Chain”, Congressional
Research Service, R41347(2013).

U.S. Department of Energy, “U.S. Department of Energy Critical Materials
Strategy December 2011”7, DOE/PI-0009 (2012).

O. Gutfleisch, M. A. Willard, E. Bruck, C. H. Chen, S. G. Sankar, and J. P. Liu,
“Magnetic materials and devices for the 21st century: stronger, lighter, and more
energy efficient”, Adv. Mater. 23, 821-842 (2011).



CHAPTER 2: THERMOELECTRICS

11



12

2.1 Background

2.1.1 Principles

Thermoelectric materials can directly convert waste heat from manufacturing
processes, building heating systems, automobile exhausts, solar and geothermal sources,
etc., into electrical power by the Seebeck effect, in which temperature differences
produce electrical power.[Y Conversely, the Peltier effect uses electricity for

refrigeration.[?

Active cooling

Heat source

Heat flow, Q

Heat sink

O Current flow, /
W

Power generation mode Active refrigeration mode

Figure 2.1 Schematic illustrations of a thermoelectric device module for (a) power
generation (Seebeck effect) and (b) active refrigeration (Peltier effect).®! (© Tokyo
Institute of Technology)
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The Seebeck effect relies on the underlying principle of charge carrier diffusion.
In most metals, for example, electrons are constantly in motion throughout the conductive
material. Without a bias, this motion is random, and so the net potential gradient is zero.
When there is a temperature gradient, high-energy electrons diffuse towards the cold end
faster than lower energy electrons diffuse to the hot end. This imbalance forms the
potential difference that is utilized for thermoelectric conversion. The relative voltage
change per temperature difference defines the Seebeck coefficient, S (sometimes denoted
a), which is negative for most metals. Hence, in doped semiconductors where electrons
are the majority charge carriers (n-type), the Seebeck coefficient is also negative.
Likewise, when holes are the majority charge carriers (p-type), S is positive.

A semiconductor thermoelectric device module is depicted in Figure 2.1 showing
the use of the Seebeck and Peltier effects for thermoelectric power generation and
refrigeration, respectively. For both modes, both p- and n-type semiconductors are
required for the continuous flow of charge carriers. For power generation (Figure 2.1a), a
a heat source repels the charge carriers (attracts electrons in a p-type semiconductor and
repels electrons in an n-type). Since the magnitude is dependent on the temperature
difference, a heat sink maximizes the temperature gradient by reducing the temperature
of the cold side. For refrigeration (Figure 2.1b), the current flow forces the charge
carriers to create a temperature gradient, and heat from the hot end is dissipated in order
to actively cool on the cold end.

At present, thermoelectric phenomena has only limited usage for these
applications. The principal reason is the very low conversion efficiency of thermoelectric

devices as compared to the corresponding mechanical systems.
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2.1.2 ZT Figure of Merit

The ideal thermoelectric material should have a high Seebeck coefficient but also
a high electrical conductivity (low resistivity) in order to reduce joule heating. This,
along with a low thermal conductivity, would aid to maximize the temperature gradient.

A dimensionless figure of merit, ZT, measures the efficiency of thermoelectric materials:

S20T _ S%0T
K KL+Ke

7T = (3.1)

...where T is the absolute temperature, S the Seebeck coefficient, ¢ the electrical
conductivity, and « the thermal conductivity that is composed of the sum of «, the lattice

thermal conductivity, and ke, the electronic thermal conductivity.!! S% is called the

1 8 I I ! 1 ) I 1
=4 AgPb  SbTe, , LAST (n)
1.6 1 NaPb, SbTe, SALT (p) PbTe-PbS (n) 1
14 Ag(PbSn) SbTe, ., LASTT (p)
T AgSbTe -GeTe, TAGS (p)
1.2- o d
1 n:Sb; (P) Yb, MnSb,_ (p)
— 1 'O'- CeFe,CoSb,, .
N 08 - Si-G -
0.6 - o
0.4- -
0.2 4
0.0- o
1

0 200 400 600 800 1000 1200 1400

Temperature, K

Figure 2.2 Figure of merit, ZT, versus temperature for several conventional p- and n-type
thermoelectric systems.[“l
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power factor, the measure of the materials ability to generate energy without considering
inefficiencies due to high thermal conductivity. In conventional bulk semiconductor
materials, the parameters S, o, and ke are interdependent, and thus the best bulk
thermoelectric materials have possessed ZT ~ 1 for over 40 years (Figure 2.2).1 ZT =~ 4 is
required for thermoelectrics to be competitive with current refrigeration technology.!?! As
can be seen in Figure 2.2, the best thermoelectric materials also use elements that are
rare, expensive, or toxic (tellurium is deemed a near-critical element in Figure 1.8).

The Seebeck coefficient and electrical conductivity are both strongly dependent
on the charge carrier concentration. The Seebeck coefficient, however, decreases with

increasing carrier concentration, while the electrical conductivity increases. There is

Electrical
o o o
o \\ power factor Electrical
Seebeck N o’ o conductivity
coefficient |
1%10" em=2 In carrier concentration(n)
A Electronic thermal
Thermal A conductivity
conductivity
Loffice thermal
A conductivity
In carrier concentration(n)
Insulators Semiconductors Metals
- -

Figure 2.3 The Seebeck coefficient, electrical conductivity, and electronic and lattice
thermal conductivities, versus carrier concentration showing an optimal electrical power
factor when the carrier concentration is 1 x 10*° cm™.1 (© CRC Press)
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therefore an optimal carrier concentration for a maximum power factor in conventional
thermoelectric materials. This relationship and the optimal carrier concentration of 1 x
10%° cm is shown in Figure 2.2. It is for this reason that semiconductors make the best
thermoelectric materials — the optimal charge carrier concentration is achieved in
semiconductors.

Since ke is also dependent on the carrier concentration, the only independent
parameter is k.. Thermal conductivity through the lattice is carried by phonons, which are
quantized vibrational modes of the crystal lattice and thus have a group velocity and
mean free length. Reduction of k. depends on the scattering of phonons mainly by
interaction with lattice defects, impurities, grain boundaries, or other phonons. For this
reason, the best thermoelectric alloys in Figure 2.2 contain large atoms.

In order to further reduce ZT, Dresselhaus et al theorized that quantum
confinement could lead to thermoelectrically favorable effects: enhancement of the
density of states near the Fermi energy leading to an enhancement of the Seebeck
coefficient, increased carrier mobilities at a given carrier concentration, different

temperature dependences of the transport properties and intrinsic carrier excitations in

/ /

electron phonon
1nm 10 nm 100 nm 1lum

Nanostructure Size

Figure 2.4 By creating nanostructures of a size smaller than the phonon mean free length
but larger than that of the electron, phonon-boundary scattering can be increased while
preserving electron mobility.
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low dimensional systems relative to 3D systems, and increased boundary scattering of
phonons at the barrier-well interfaces, while effectively preserving carrier mobilities by
exploiting the different length scales for phonon and electron scattering.r®! Since this
report, the field of thermoelectrics has progressed enormously as evidenced by numerous
reports showing enhanced ZT in nanostructured materialst®™ such as superlattices of
Bi2Tes/Sh,Tes!® and PbSeTe/PbTel®l, nanowires*®! and in bulk materials with complex
structures™?, such as lead antimony silver telluride (LAST)[*®l and skutteruditest*4. 1t is
now recognized that the enhanced ZT values in these nano- or complex-structured
materials are mainly due to reduced lattice thermal conductivity produced by stronger
phonon-boundary scattering in nanostructures.[®”% This approach has been shown to be
quite generic provided that the characteristic nanostructure sizes are smaller than phonon
mean free path in corresponding bulk materials, which is usually dictated by Umklapp
scattering and alloy scattering.

Over the last few years, in search for a more scalable route for making
thermoelectric nanostructures, a new bulk-nanostructuring approach has been developed
and has achieved very notable success.>" This new approach is based on the production
of bulk thermoelectric composites from powders containing nanoparticles and/or high
density of grain boundaries. The key idea of the nanocomposites is to utilize the high
density of grain boundaries to scatter phonons without significantly adversely affecting
the charge transport (Figure 2.4). The fabrication of various nanocomposite materials and

their thermoelectric properties have been reported.[t5-32]
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2.1.3 Bulk Nanostructured Thermoelectrics

Among the reported bulk nanostructure thermoelectrics, the production methods
of the starting thermoelectric powders containing nanoscale features can be generally
categorized into two approaches: top-down!*517:19.21-24:31.32] and pottom-up!?>3%, For
example, Poudel et al. reported the fabrication of nanocomposite p-type BiosSh1sTes by
ball-milling the bulk alloys for several hours to nanometer dimensions in inert
environments and hot-pressing these nano-powders to produce the sintered compacts.*®!
They have achieved a high ZT of 1.4 at 100°C. The same groups also reported similar
ball-milling-hot pressing approach for a variety of thermoelectric materials, including n-
type BizTe27Se0sl, n- and p-type SiGel*”# n-type Sif?!l, among others. Another
recently developed approach is melt-spinning ribbons of the appropriate alloy, hand-
grinding them, and compacting them by spark plasma sintering (SPS).[?*?2 A similarly
high ZT of ~1.5 at 360 K was observed in these (Bi,Sb).Tes nanocomposites. The
comprehensive characterization!?:*# of the samples prepared from the ball-milling and
melt-spinning techniques demonstrated that the low k. and the enhanced ZT were due to
the nanocrystalline domains present. An important economic advantage of hot-pressing
nano-powders is the possibility of preparing net shapes without machining. Besides these
‘top down’ approaches, there have been a growing number of reports showing ‘bottom-
up’ routes for producing Bi-Sh-Te nanostructures by solution processes?>-%°l. The latter
approach, although having a great potential for scalability, has yet to demonstrate a ZT
higher than 0.5,%27281 presumably due to the hindered charge transport or perhaps particle

surface oxidation presented in solution processing.
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Despite the very important successes of the various nano-bulk composite
approaches, both the top-down and bottom-up methods have disadvantages. Though the
bottom-up approach yields intriguing ZT, the yield of nano-powders for fabricating
compacted samples is still relatively low, and in some cases, the powder fabrication
process itself could be very energy-consuming, which implies high cost. Meanwhile, the
potentially low-cost and scalable ‘bottom-up’ approaches address this issue, but have yet
to demonstrate a ZT comparable to bulk materials. Therefore, a new technique capable of
delivering both advantages would be extremely attractive. Such a technique would
produce clean thermoelectric nanostructures at a significantly improved production rate,
which would also lead to nanostructured bulk composites that demonstrate the high ZT
achieved by the ‘top down’ approaches.

In this chapter, the spark erosion method has been optimized for the production of
nanoparticles of thermoelectric materials. The resultant nanostructured compacts using
spark-eroded BiosSbh1sTes show a high ZT of 1.36 at 360 K, close to the ZT values on
similar alloys prepared by other top-down techniques described above.[**?1 However,
spark erosion offers very significant advantages over these other methods, particularly
with respect to processing efficiency, rate of nano-powder production, and scale-up
potential. Furthermore, since spark erosion requires no crucible, there is no contamination
issue, and oxygen-free processing conditions are readily achieved. Compacts of
Bao.3Nio.0sC03.95Sh12 have also been developed in the same manner and show promising

results.
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2.2 Experimental Procedures

2.2.1 Sample Preparation

High-purity (> 99.999%) Bi, Sb, and Te granules were weighed according to the
composition of BiosSb1sTes and loaded into a quartz tube 20 mm in diameter. The tube
was vacuum-sealed under 10 torr, and the contents were melted and homogeneously
mixed in a rocking furnace for 10 h at 1073 K, then quenched to room temperature. For
the zone-melting, the quenched ingot was directionally grown at a rate of 1 Kemin™.
These ingots were used as spark erosion targets.

For sintered compacts of spark-eroded nanoparticles, disk-shaped bulk samples
(20 mm in diameter and 13 mm in thickness) were fabricated from this powder by SPS
under 90 MPa and at 450°C for 1 min in a vacuum. The sample densities for those
compounds were about 97% of theoretical densities.

Ingots of Bao.3sNio.0sC03.95Sb12 were prepared by arc-melting and also used as
spark erosion targets. The sintered compacts were fabricated by SPS under 50 or 40 MPa,

at 650°C or 600°C, and for 5 or 10 min.

2.2.2 Thermoelectric Measurements & Characterization

Disks (10 mm in diameter and 1 mm in thickness) for thermal diffusivity

measurement and bars (2 mm x 2 mm by x mm) for carrier transport properties and
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Seebeck coefficient measurement were cut in the planes parallel and perpendicular to the
press direction, respectively, so that all three parameters were measured in planes parallel
to the press direction (See Figure 2.5).

The electrical conductivity and Seebeck coefficients were measured from 300 to
520 K (800 K for Section 2.2.2) by a four-point probe method using a thermoelectric
measurement system (ZEM-3, ULVAC, Japan). The thermal conductivity values (k =
ps*CpeA) were calculated from measurements taken separately; sample density (ps), heat
capacity (Cp) via thermal relaxation method, and thermal diffusivity (1) were measured

under vacuum by laser-flash method (TC-9000, ULVAC, Japan).

Ingot

Electrical conductivity
Seebeck coefficient
‘ (2mmx 2 mmx 8 mm)
Thermal conductivit
- | y

(P10 mmx 1 mmt)

Spark-eroded/SPS-sintered sample

vress

10mm

Electrical conductivity

Seebeck coefficient
¢3mm »_ (2mmx2 mmx 8 mm)
13 mm ‘ iy
10 mm Thermal conductivity
» » (®10 mm x 1 mmt)
fPress

Figure 2.5 Thermoelectric measurement orientations as controlled by sample slicing
directions, and the dimensions for the ingot samples and spark-eroded/SPS-sintered
samples.
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For powder x-ray diffraction, samples were prepared on a glass slide in air and
bound by a mixture of Devcon® Duco Cement and acetone. X-ray diffraction patterns
were measured in a Rigaku Geiger-flex unit with Co radiation in the Bragg-Brentano
mode.

Elemental analysis was performed by direct current plasma emission spectroscopy
(ASTM E 1097-07). Oxygen analysis was performed by inert gas fusion (ASTM E 1019-

08)
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2.3 Results and Discussion

2.3.1 Enhanced ZT in Bismuth Tellurides

The spark erosion nanoparticles’ synthesis rate was approximately 135
grams/hour of clean non-oxidized BiosShisTes alloy. This high rate, with the high ZT to
be shown, is remarkable considering the small laboratory cell dimension of only 10 cm in
diameter (~1 liter in volume), indicating that scale-up to many tons/month with either
larger cell diameter or parallel operation of multiple units is quite feasible. Remarkably,
the energy consumption of the spark erosion process is estimated to be < 2.0 kWh per kg
of BiosSh1s5Tes nanoparticles, based on the electrical power used by the pulse power

mode operation.

20 nm a

Figure 2.6 Spark-eroded BiosSb1.5Tes nanoparticles and nanostructures. (a) Bright field
TEM of mostly spherical nanoparticles, showing smaller crystallized regions within the
nanoparticles. (b) TEM micrograph of typical BiosSb1sTes nanoparticles. Lattice images
indicate their single- or polycrystalline nature.
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The TEM micrograph in Figure 2.6(a) shows some typical nanoparticles,
illustrating their mostly spherical nature and nanoscale dimensions. Within these mostly
spherical nanoparticles are smaller crystalline sub-grains. The spark-eroded BiosSbisTes
nanoparticles appear to be well crystallized as shown in Figure 2.6(b). The lattice images
in some of the nanoparticles in the TEM microstructure of Figure 2.6(b) show their single
crystal microstructure, while some of the larger particles are polycrystalline with a
nanograin structure. Figure 2.7(a) shows nanoparticles clustered around larger spherical

particles. These larger particles have a fine grain structure due to rapid quenching. The

Figure 2.7 SEM images of spark-eroded BiosSbisTes particles showing (a) the yield,
which consists of a major fraction of nanoparticles and a minor fraction of micron-sized
particles, albeit with fine structure (b) a cluster of nanoparticles, (c) micron-sized particles
after nanoparticles are washed away, and (d) spherical nanoparticles.
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Figure 2.8 Particle size distribution of spark-eroded BiosSh15Tes based on TEM.

Bio.sSh1sTes nanoparticles synthesized by spark erosion exhibit relatively uniform
diameters in the range of ~10 — 50 nm as determined by extensive TEM analysis with the
average particle diameter being ~25 nm (Figure 2.8). Nevertheless, even further
enhancement of ZT would result from increasing the fraction of smaller nanoparticles in
Figure 2.7(b) and (d).

Figure 2.9 shows TEM micrographs of sections of the SPS compact made from
the spark-eroded powders. Figure 2.9(a) shows that the mostly spherical nanoparticles are
converted by the SPS into flat-sided parallelepiped grains. It is noteworthy that the
sintering has not increased the grain size significantly over the original nanoparticles’
dimensions. The higher magnification TEM in Figure 2.9(b) shows lattice fringes and

indicates that many coherent grain boundaries are present in the sintered compacts.
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Figure 2.9 TEM micrographs of sections of the SPS sintered compacts made from spark-
eroded Bio.sSb1s5Tes nanoparticles.

Figure 2.10 shows x-ray diffraction patterns of the starting bulk ingot, the < 53
pum spark-eroded powder, and the SPS compact made from the powder. Only lines of
BiosShisTezare present (the shoulder on the 33 degree line of the powder is not present
in the compact and remains an unexplained feature). The powder and compact patterns
show random orientations. Random orientation of the crystallites’ axes is necessary for
insuring isotropy in thermoelectric devices, a very desirable feature.

The transport properties of the starting bulk alloy and the SPS compact are shown
in Figure 2.11. Note that the properties of a sample of the zone-refined starting material
may be strongly influenced by its structural anisotropy. To examine that issue,
BiosSh1sTes ingots were milled at 200 rpm for 10 h in an N2 atmosphere using a
planetary ball-mill. The milled powder was sieved to obtain < 45 pum diameter particles.
This powder was then compacted under the same conditions as the spark-eroded powder,

and the transport properties were measured on disks and rods of the same sizes as used
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Figure 2.10 X-ray diffraction patterns with Co radiation of the bulk starting ingot, the <
53 um spark-eroded powder, and the SPS compact made from that powder, compared to
the standard BiosSb1sTes XRD pattern shown at the top.

for the starting material and the SPS-sintered compacts of spark-eroded powder. The
properties were very similar to those of the sample of starting material.

As shown in Figure 2.11, the electrical conductivity of the spark-eroded samples
is close to that of the starting bulk ingots (Figure 2.11a), while the Seebeck coefficient is
lower below (higher above) 400 K than that of the ingot (Figure 2.11b). Overall, the
power factor (S%c) values are comparable to that of the ingot below 360 K, and slightly
higher above 360 K. The electrical transport properties of our spark-eroded samples are
very similar to those of the BiosSb15Tes nanocomposite reported by Poudel et al.'],
showing the comparable quality of nanoparticles fabricated by spark erosion, e.g., with
minimal oxidation.

The thermal conductivity of the spark-eroded samples is significantly lower than
that of the ingot (Figure 2.11d), which leads to a substantial increase in ZT over the entire

temperature range of 300 — 520 K (Figure 2.11f). The peak ZT of 1.36 at 360 K, is
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Figure 2.11 Thermoelectric properties of the starting bulk alloy, and the spark-eroded and
SPS-sintered samples, as indicated by their respective markers. (a) electrical conductivity,
(b) Seebeck coefficient, (c) power factor, (d) total thermal conductivity, (e) lattice thermal
conductivity, (f) ZT value.

significantly higher than that of ~1.0 at 300 K for the bulk ingot, and is close to the
highest reported ZT values in Bio.sSh1.5Tez nanocomposites fabricated by ball-milling as
well as melt-spinning (1.4 at 100°C by Poudel et al.l*® and ~1.5 at 360 K by Xie et
al.?Y). Above 360 K, ZT of the spark-eroded samples is decreasing with temperature, as
a result of the decreasing electrical conductivity due to enhanced carrier-phonon
scattering and the increasing thermal conductivity due to the bipolar thermal
conduction.[1221.34

The enhanced ZT of the spark-eroded BiosSb1.sTes nanoparticles after sintering is

primarily due to the reduced thermal conductivity from 300 — 520 K, and is partially due
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to the slightly increased power factor above 400 K. To elucidate this, we calculated the
lattice thermal conductivity (i) of both samples (Figure 2.11e) via the following
relationship: kL = K - ke , where the electronic thermal conductivity (ke) IS estimated from
the Wiedemann-Franz law, ke = L*To, and the Lorenz number Lo = 2.0 x 108 VZ/K?,
typical for a heavily-doped semiconductor.??l Figure 2.11(e) shows that k. in the spark-
eroded samples is reduced by about 50% over the entire temperature range, indicating
stronger phonon scattering at nanograin interfaces, which is the main reason for the
enhanced ZT.

It is worth noting that the calculated x. of our spark-eroded samples is very
similar to those of nanocomposite Bi-Sb-Te samples reported in Refs. 19 and 21 if the
same Lorenz number is used (Figure 2.12), indicating similar phonon and charge

transport behaviour, presumably due to the similar microstructures. Note that the
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Figure 2.12 Comparison of k. versus temperature for various investigations in which
nanostructured BiosSb1sTes was reported. The similar values indicate that the mechanism
for k. reduction is probably the same.
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calculated k. shown in Figure 2.11(e) also includes the contribution from the bipolar
thermal conduction!!221341 and may not represent the true lattice thermal conductivity*1.
Poudel et al.'® modelled k. based on the Boltzmann equation and showed that it is
actually decreasing with temperature, and is reduced by a factor of two in
nanocomposites when compared to bulk. In our spark-eroded and bulk samples, the fact
that the peaks of the Seebeck coefficient and the minima of the total thermal conductivity
occur at similar temperatures (360 — 400 K) suggests that bipolar thermal and electrical
conduction becomes important above 360 K12l and the higher Seebeck coefficient in
the spark-eroded samples indicates that the bipolar conduction is suppressed, which also

contributes to the reduced x and the enhanced ZT.[21:34

2.3.2 Spark-Eroded Skutterudite (CoShbz)

The CoShz system has been an attractive material for thermoelectric devices
because of its large carrier mobility.®l However, relatively high thermal conductivity has
made it inferior to bismuth telluride-based thermoelectrics. The system is thus primarily
attractive at medium to high temperatures.®! Additionally, that high performing
thermoelectrics can be made both n- and p-type with the same material system is
attractive for fabricating thermoelectric devices (Figure 2.1).

Dyck et al has found that embedding divalent Ba into the “cage” of the
skutterudite structure creates an additional phonon-scattering site without adversely

affecting electrical conductivity.8! In addition, the group found that the presence of a
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Figure 2.13 SEM images of spark-eroded Bao.3Nio.0sC03.95Sb12 particles showing (a) the
spark-eroded yield and (b) nanoparticle fraction of the yield.

Figure 2.14 TEM images of spark-eroded Bao.3Nio.05C03.95Sb12 particles showing 10-40
nm diameter polycrystalline particles.

small amount of Ni in the alloy increases the electron concentration, which enhances the
thermoelectric power factor and reduces thermal conductivity due to ionized impurity
scattering of phonons. Mi et al has reduced the k. in CoSbs by nanostructuring.B™ The
work presented in this section uses the Ba- and Ni-containing composition
(Bao.3Nio.0sC03.95Sh12) as spark-eroded targets in order to achieve phonon scattering from

both the “caged” Ba and grain boundaries.
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The microscopy images in Figures 3.13 and 3.14 confirm the production of fine
particles by spark erosion. Like the yield of BiosSh1sTes discussed in the previous
section, the skutterudite yield consists of a major volume fraction of nanoparticles and a
minor fraction of micron-sized particles. As expected, the particles are spherical. A
particle size distribution (Figure 2.15) shows that the average nanoparticle size is 25 nm.

The XRD patterns of the starting material and spark-eroded powder are shown in
Figure 2.16. The starting arc-melted ingots contain the CoShs skutterudite, CoSh;
monoclinic, and antimony phases. No barium or nickel phases are detected, either due to
complete integration into the skutterudite structure, or existing in too small of a volume
to be detected. The latter reason is more likely the case since the starting composition of
Ba was determined by the number of atoms required to fill all “cages”, and since there

are non-skutterudite phases present, Ba is expected to exist somewhere in the alloy. The

Count

NARRRANN ARNANNRNNUNRARANNNRY 12

=~ (=2} o (] = M~ =t ~— o u o~ [=a o

— — o~ o = =t u w [+ [ [=e] [=2s] =31
Powder Diameter [nm]

Figure 2.15 Particle size distribution of spark-eroded Bag3Nio.osC0395Sh12 particles
obtained from TEM images showing an average particle size of 25 nm.
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Figure 2.16 XRD pattern of spark-eroded Bao.3Nio.05C03.95Sb12 particles and of the starting
bulk materials obtained by arc-melting.

spark-eroded powder shows the same phases, except with the addition of the CoSb
hexagonal phase. However, after spark erosion, the major peak for Sh has increased. In
The peaks are broadened after spark erosion.

The results of an elemental analysis on the starting bulk sample and spark-eroded
powder is shown in Table 3.1. The “ideal composition” is obtained for the work by Dyck
et al, in which the amount of Ba and Ni is optimized.[*® The arc-melted starting material
comes very close to this nominal composition. The excess barium at the expense of
cobalt is negligible. After spark erosion, the amount of antimony relative to the other
elements has decreased. The oxygen content is believed to be due to the measurement

process and not due to spark erosion. The lower atomic percent of antimony is surprising
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Table 2.1 Atomic percent for skutterudite (CoShs) starting materials and spark-eroded
powder.

Atomic % Ideal Composition[®¢!  Starting Material Spark-Eroded
Barium 1.84 2.53 2.10
Nickel 0.31 0.51 0.50
Cobalt 24.2 23.1 22.7

Antimony 73.6 73.7 65.0
Oxygen 0 0.21 9.7

given the increased peak in the XRD pattern. However, the drop is reasonable since Sb
appears to relocate freely during spark erosion; the formation of CoSb and increased Sb is
evidence of this.

After compaction by SPS, the thermoelectric properties are measured and shown
in Figure 2.17. Considering the multiple phases present in the spark-eroded powder, the
thermoelectric properties are surprisingly robust. The highly negative Seebeck coefficient
suggests that there is sufficient skutterudite phase, and that it is adequately doped (the
negative Seebeck coefficient confirms n-type conduction while CoSbs is intrinsically p-
typel®”)). Better SPS parameters increase ZT due to the enhanced thermoelectric power
factor. This may be a matter of higher density or phase homogenization. The thermal and
electrical conductivities are similar to that of nanostructured CoSbs reported by Mi et
al.®1 Dyck et al had found that increasing the carrier concentration by adding Ni reduces
the Seebeck coefficient while decreasing electrical conductivity at high temperature due
to degeneracy. Since this is not observed, it is unlikely that Ni has integrated well in the

compacted powders. Moreover, there is no evidence of k. reduction by the barium
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“caging” effect. Future work should focus on achieving the Ba-filled, Ni-doped

skutterudite in bulk form before proceeding to spark-erosion.
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Figure 2.17 Thermoelectric properties of the spark-eroded and SPS-sintered samples
under various SPS conditions. (a) Seebeck coefficient, (b) total thermal conductivity, (c)
electrical conductivity, (d) ZT value.
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2.4 Conclusions

We have developed a uniquely efficient, cost-effective method for producing
thermoelectric nanoparticles at a high production rate. These nanoparticles were SPS-
sintered into nano-grained thermoelectric alloy with a ZT of the BiosSb15Tes compact
comparable to the best reported values. The improved ZT is a result of the reduced lattice
thermal conductivity, as well as the suppressed high temperature bipolar contributions to
electronic thermal transport. Spark-eroded Bao.3Nio.0sC03.95Sh12 powder compacted by
SPS also show reduced thermal conductivity, but more doping is required to raise the
thermoelectric power factor. Spark erosion not only produces these clean, oxidation-free,
high-ZT thermoelectric nanoparticles directly at low energy consumption, but the rate of
production is very high, indicating that scale-up to many tons/month is quite feasible.
With the inherent nanoparticle synthesis and nanograined structure using spark-eroded
thermoelectric alloys, the prospects for further improvements in performance and

production rate appear to be promising.
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3.1 Background

3.1.1 Principles

Permanent magnets (PM) are materials that retain their magnetization in the
absence of a magnetic field and are useful due to the strong external fields that they
produce. The strength of this field is a result of the remnant magnetization, M, and the
stability of this magnetization (the resistance to demagnetization) requires high
coercivity, Hc. These properties can be achieved by the engineering of ferromagnetic
materials.

Ferromagnetic materials are spontaneously magnetized due to “exchange
forces”.™ The magnitude of magnetization, the magnetic moment per volume, is
determined mainly by composition since electrons’ spins and orbits determine the
magnetism in materials. Magnetocrystalline anisotropy refers to the preference for the
magnetization to lie along certain crystallographic directions, called “easy” directions. In
hexagonal crystals, the c-axis is the only easy-axis (uniaxial crystal anisotropy), while
cubic crystals (not discussed in this dissertation) have several easy-axes due to increased
symmetry. When placed in a field, the magnetization rotates to align with the field
direction. The magnetocrystalline anisotropy, typically described by the anisotropy
constant, K, is a measure of the energy required to rotate the magnetization 90 degrees

away from the easy-axis.
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H

Figure 3.1 The magnetization process of a multi-domain, polycrystalline sample showing
that magnetization first occurs by domain wall motion, then by rotation of the magnetized
domains until saturation magnetization. Upon demagnetization, domain walls are typically
nucleated.

Magnets achieve a lower energy state by creating magnetic domains in which
regions of magnetization point in various directions, minimizing the net M, (Figure 3.1).
The regions that separate the domains are called the domain walls. When a field is
applied, the moments of the domains align with the field direction by moving domain
walls such that domains with moments pointed along the field direction grow at the
expense of opposing domains. In polycrystalline magnets, the moments are then pointed
towards the randomly-oriented easy-axes that must then rotate towards the field direction.
When all domains are aligned, saturation magnetization, Ms, is achieved. Upon field

reversal, reverse domains will nucleate and grow. Hysteresis of the magnetization as the
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Figure 3.2 The magnetization process of randomly-oriented single-domain particles with
uniaxial crystal anisotropy.

applied field is cycled generally depends on the magnitude of the magnetic anisotropy
energy and the presence of "pinning" sites for the domain walls.

When particle dimensions are small enough, single-domain particles are
produced. The hysteresis of these particles depends on their magnetic anisotropy energy
and their shape. A group of non-interacting single-domain particles can be aligned along
their easy axes and compacted so that domain rotation is the only mechanism for
magnetization reversal in the bulk compact. The magnetization cycle is shown in Figure
3.2. Here, the moments point in random directions in the demagnetized state. When a
field is applied, moments first flip along the easy-axis towards the field direction and then

rotate to align with this direction. When the field is then reduced to zero, the moments
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rotate back to the easy-direction, but remain pointed towards the direction in which they
were magnetized (remnant state). In this ideal case, a measurement of this magnet
parallel to the aligned axis would produce M, equal to Ms and Hc¢ equal to the anisotropy

field, Hk (K/Ms). If randomly-oriented, My = 0.5Ms, and Hc = 0.5H«.

3.1.2 The Maximum Energy Product — (BH)max

A permanent magnet operates at a point somewhere along the second quadrant of
the B-H curve subject to the demagnetization field, Ham, which is determined by the
shape of the magnet; its direction is opposite that of the magnetization. The magnetostatic

energy within a magnet can thus be defined as:

E=—~[B-HdV, (3.1)

where B is the total magnetic flux in the sample and H = Hgppiieq — Ham- The energy
product is defined as —B + H (energy per volume). Finally, the figure of merit of a
permanent magnet is the maximum energy product, (BH)max, which is the largest
product of the B and H fields in the second quadrant of the B-H loop, shown as the
shaded region in Figure 3.3.

In Figure 3.3, a “square” M-H loop is plotted over the B-H loop, where B=H +

4nMs. The “squareness” of the M-H loop affects the slope of the B-H curve in the second
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Figure 3.3 M-H and corresponding B-H loops for a typical permanent magnet with a
graphical representation of the maximum energy product, (BH)max 2 (© IEEE)

quadrant. When M is flat (Mr = Ms) as shown in Figure 3.3, the area that represents
(BH)max is the largest. If the M-H loop is not square (e.g. for randomly-oriented
particles), then some domains begin to switch at fields smaller than Hc, decreasing the
extrinsic coercivity of the B-H loop and therefore also (BH)max. (Note: in this
dissertation, Hc, or simply the coercivity, refers to the M-H loop. Hc of the B-H loop will
be referred to as the extrinsic coercivity). Magnetic alignment is thus crucial to achieving
high (BH)max. Since M, cannot exceed Ms, the magnitude of B in the second quadrant is
limited by Ms since Br = M.
The coercivity of the M-H loop, dictates the “knee” of the B-H loop, shown in
Figure 3.4. By increasing Hc, the extrinsic coercivity can be extended into the third
quadrant, which is the case for the lower temperature loops in Figure 3.4. When a “knee”

is present, the shape of the magnet is limited; the magnet must be elongated in the
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alignment direction in order to decrease the demagnetizing field so that the operating
point is sufficiently away from the “knee” reducing the risk of demagnetization. As the
extrinsic coercivity nears half of By, the (BH)max then begins to reduce.

Currently, Nd-Fe-B magnets achieve the highest (BH)max (Figure 3.5) and are
thus used for wind turbine generators and electric vehicle motors. However, for these
applications require the magnet to operate at around 180°C."I The anisotropy of magnets,
and thus Hc, typically decrease when temperature is increased (Figure 3.6). Therefore, at
this elevated temperature, Nd-Fe-B magnets are inadequate and require doping with
dysprosium in order to increase Hc at 180°C (Figure 3.4). For this reason, dysprosium is
labeled by the U.S. Department of Energy as the most critical element to a clean energy

future (Section 1.2).

16
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Figure 3.4 Magnetization and induction curves for a Nd-Dy-Fe-B magnet at various
temperatures. The “knee” moves towards the higher fields (more negative) when coercivity

is increased.l®! (© WILEY)
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Figure 3.6 shows the dependence of (BH)max and Hc on temperature for various
permanent magnet materials. As it turns out, at higher temperature, Sm-Co magnets can
outperform Nd-Dy-Fe-B magnets, and it is used for selected applications. Currently, no
other materials are competitive with these rare-earth magnets. The rare-earth-free
ferromagnetic materials that have high Ms have low crystal anisotropy, and the highly
anisotropic materials have relatively low Ms. A proposed method for creating high Ms,

high K magnets by a two-phase approach will be discussed. The ideal permanent magnet
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Figure 3.6 Maximum energy product and intrinsic coercivity versus temperature for

various permanent magnets showing a general decrease with increasing temperature.[l (©
IEEE)

would be rare-earth-free, have high Ms, high Hc at elevated temperatures, and easy to

produce. This work in this dissertation aims for all of the above.

3.1.3 Exchange-Spring Magnets

In 1991, Kneller and Hawig proposed a two-phase magnet in which the
magnetization of a hard magnet could be increased by the addition of a high-Ms soft
magnet with little reduction in Hc.!®! The proposed magnet would behave like a single-
phase magnet with a higher energy product. The schematic in Figure 3.7 depicts such a

magnet with exchange-coupled hard and soft layers. In this figure, the applied field
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opposite to the magnetization of the hard phase, but lower in magnitude than the
switching field of the hard phase. The moments closer to the hard layer are more strongly
coupled, and thus the soft magnetization resembles a torsional spring upon
demagnetization.

The exchange-spring concept requires that the soft phase be sufficiently small
such that domain walls do not form upon reversal. The soft phase should be about twice
the width of the hard phase domain walls (i.e., = 2-4 nm). The smaller the hard phase, the
larger the volume fraction of soft-phase, and thus larger Ms and (BH)max.

The implications of the exchange-spring magnet are that a hard, rare-earth-free

magnet could be coupled with a soft, high-Ms magnet in order to form rare-earth-free

Figure 3.7 Model of an exchange-spring magnet showing the hard/soft interfaces and the
“spring” that forms with the soft magnetization.
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Figure 3.8 Possible configurations for bulk exchange-spring magnets showing a
disordered magnet in which both phases are smaller than the Bloch wall thickness, soft
inclusions within a hard matrix, and alternating soft/hard layers. The striped phase is the
oriented hard phase.I’! (© The American Physical Society)

=,

permanent magnets that would have competitive (BH)max compared to Nd-Dy-Fe-B
magnets. However, a bulk exchange-spring magnet has never been produced. Figure 3.8
shares some possible configurations for bulk exchange-spring magnets. This chapter
focuses on promising routes for the development of rare-earth-free exchange-spring

permanent magnets using the spark erosion technique.

3.1.4 Low-Temperature Phase MnBi

The most promising candidate for a rare-earth-free permanent magnet is the low-
temperature phase of manganese bismuth (LTP-MnBi). The intermetallic alloy exists in
three phases, a low-temperature phase (LTP), high-temperature phase (HTP), and
quenched-high-temperature phase (QHTP), with LTP-MnBi being the most attractive.
LTP-MnBi has a high uniaxial magnetocrystalline anisotropy at room temperature (K =

107 ergs/cc) that increases with temperature.t® This leads to an unusual increase of
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coercivity with increasing temperature. With a large coercive force, the theoretical

maximum energy product of LTP-MnBi is believed to be 18 MGOe.[®1 At 180°C, the
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coercivity of LTP-MnBi surpasses that of conventional permanent magnet materials such
as Nd-Fe-B and Sm-Co.

However, a single-phase LTP-MnBi bulk sample is difficult to obtain as a
consequence of its peritectic phase diagram °! (Figure 3.9). Above the peritectic
temperature, Mn segregates from the Mn-Bi melt. The transition from the closely-related
HTP, existing as Mn108Bi, to LTP-MnBi yields an excess of Mn. Obtaining LTP-MnBi
by diffusion is tedious since the annealing must be carried out below 340°C; the diffusion
of Mn and Bi through the MnBi phase has been shown to be extremely slow.*!

Among the known methods of producing pure LTP-MnBi , Chen et al grew
single-crystal MnBi by pulling a seed crystal from the melt.l®! Later, Yoshida et al
obtained bulk MnBi by quenching in liquid nitrogen, arc-melting, and then zone-
melting.[*?l More recently, Guo et al used melt-spinning to form amorphous MnBi flakes
that crystallized upon annealing.[*®! In order to form particles, the melt spun ribbon were
ball-milled.[** Others have studied LTP-MnBi powders produced by mechanically
grinding the bulk ingot; the saturation magnetization, Ms, of these samples were not
high. 5. 16]

In this chapter, we discuss several superior methods for producing LTP-MnBi
bulk alloys and particles. First, we describe how polycrystalline LTP-MnBi of > 90 wt %
was made by chill-casting and subsequent annealing at 300°C for 96 hours. This sample
has a room temperature moment of 73.5 emu/g in 70 kOe, as compared to the saturation
magnetization (Ms) of 80 emu/g.l") We also report a novel method for preparing high-Ms
bulk MnBi by extraction of the non-magnetic Bi phase from an arc-melted MnBi ingot.

When these bulk LTP-MnBi ingots are spark-eroded, the as-prepared powder consists of
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amorphous, crystalline, and superparamagnetic particles, mostly as porous aggregates.
When subsequently annealed and lightly milled, the randomly-oriented powder has Ms of
69 emu/g and Hc of 1 T at room temperature. The (BH)max for this randomly-oriented
powder is 3.0 MGOe at room temperature. The large fraction of amorphous particles,
when crystallized in a magnetic field, can be oriented along the field direction. By this
method, a hysteresis with M/Ms of 0.8 is achieved. Finally, when the spark-eroded
powders are mixed with soft phases by various methods in order to determine potential
routes to an exchange-spring magnet, it was found that FeCo is the best candidate for

coupling.
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3.2 Experimental Procedures

3.2.1 Preparation of High Ms Bulk Ingots

High purity LTP-MnBi ingots were fabricated by induction melting and chill-
casting an alloy with purity > 99.9%, a weight ratio of 77.9/22.1 Bi/Mn (Mn10gBi), and
subsequently annealing at 300°C for 96 hrs.

An alternative method was to arc-melt > 99.9% purity Mn1.1Bi billets (52.4 at %
Mn). The billets had thicknesses of 0.25, 0.375, and 0.5 inches. They were placed on a
rigid stainless wire mesh (9 x 9) inside of a stainless steel chamber constructed of
commercial vacuum flange components, sealed with a copper gasket. They were
positioned in two ways: randomly placed on top of a flat mesh, and supported at the sides
by a mesh fixture (Figure 3.10). The entire chamber was placed in the uniform heat

region of a Lindberg (Blue M) Box furnace for annealing. The ingots were annealed at

(‘1 7::4/;“ =

Figure 3.10 The setup for vacuum-annealing showing (a) ingots placed randomly atop a
stainless steel mesh inside a 3 inch diameter high-vacuum chamber, and (b) ingots mounted
on a stainless steel fixture creating separation.
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330°C for 64 hours in = 10 torr. As a control experiment, one ingot was annealed under

similar conditions in a small furnace placed inside an argon glove box (< 5 ppm O>).

3.2.2 Powder Sample Preparation

The ingots were spark-eroded with liquid nitrogen as the dielectric. The powder
yield was coarsely sieved at 270 mesh in order to remove bulk material chipped off the
charge pieces during this low temperature process. The powders were annealed in a small
quartz tube furnace in the glove box. Samples were heated from room temperature to

300°C in = 15 minutes when the furnace power was turned off (no hold time).

Figure 3.11 Milling setup showing (a) a plastic bottle inserted into a custom aluminum
container for SPEX milling and (b) a welded stainless steel container on a commercial
roller.
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A few grams of the annealed powders was loaded into a plastic container (about
20 cc volume) together with 20-30 2 mm diameter ceramic or plastic beads. This plastic
container was inserted into a custom aluminum vessel that is sealed by an O-ring (Figure
3.11a). The container was loaded into a commercial SPEX Mill and milled for 3 hrs.

For ball-milling, a custom welded stainless steel container (4 inch id) was used on
a commercial roller (Figure 3.11b). 10 grams of powder was weighed and loaded into the
container with hexane and a random mixture of 0.25, 0.375, and 0.5 inch diameter
chrome steel balls that were filled to about half the volume of the container. The milling

went for 19 hours at a rotation speed of 43 RPM. As-sparked and annealed powder, and

Figure 3.12 High-frequency ultrasonic probe located inside of a nitrogen glove box (an
argon glove box appeared to cause shorting of the piezoelectric circuit due to arcing).
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powder mixtures, were milled. For Fe, Co, and FeCo mixtures, the powder consisted of
25, 27, and 26 percent soft phase by weight, respectively. The powders were also mixed
using an ultrasonic probe (Figure 3.12). Powders were ultrasonicated for several hours in
hexane.

Bulk and spark-eroded MnBi were coated with Co by mixing in CoCl; ethanol
solutions of various molarities. A bulk ingot was placed in a beaker with CoCl> in ethanol
(0.25 M) and stirred overnight. For powder samples, the mixing was done by ball-
milling, ultrasonication, and drip-stirring. For these samples, the CoCl> quantity was
calculated to give a 2 nm coating on the spark-eroded particles. The powder samples
were Co-coated by ball-milling with glass beads in glass bottles. The same glass bottles
were sonicated in an ultrasonic bath. The powder was also mixed with ethanol and
continuously stirred as 10 mL of CoCl; solution was slowly dripped into the bottles at

rate of ImL/min.

3.2.3 Rapid Process Sintering (RPS)

A custom “rapid process sintering” (RPS) technique was developed for
compaction of the spark-eroded particles and mixtures. Figure 3.13 shows the schematic
of this process. RPS uses an insulating die constructed of Macor™. The pistons were
stainless steel. The die was placed in a small aluminum vacuum chamber that fits in a 12
ton Mini C Carver press. The aluminum chamber also acts as an electrode and was

insulated from ground. An AC transformer provides a low voltage, high current power
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source. As determined by the resistance of the sample, up to 400 A can be utilized, which
heated the sample to 300°C at a rate of up to 100°C/min.

Powder samples were loaded into the RPS chamber within the glove box. The
chamber was closed with a vacuum valve, moved into the Carver, and evacuated with a
diffusion pump. Samples were pressed to 100 MPa and heated to various temperatures at

various heating rates. A resulting compact is shown in Figure 3.14.

Pressure

Stainless Steel Piston —

Macor™ Die —

Powder Sample —1—

Figure 3.13 Schematic of Rapid Process Sintering (RPS) showing a powder sample within
the insulating Macor™ die, pressed with stainless steel pistons through which an AC
current is applied. The die is placed in an aluminum vacuum chamber, which is then placed
on a Carver press for the application of pressure. The feedthrough for the top piston is
sealed with an O-ring and is electrically insulating in order to prevent electrical contact
with the aluminum chamber, which acts also as a current pathway.
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Figure 3.14 Bulk MnBi that has been compacted by RPS from spark-eroded MnBi powder
compared to a U.S. dime. The nominal diameter of the compact is 3/8 inches.

3.2.4 Magnetic Measurements & Characterization

The magnetic properties of the powders and bulk ingots were measured by
vibrating sample magnetometry (VSM) using a Physical Property Measurement System
(PPMS, Quantum Design, Inc). Zero-field-cooled and field-cooled (ZFC/FC) curves were
measured from 75 K to 300 K with an applied field of 50 Oe and a heating rate of 10
K/min. Higher-temperature measurements (> 300 K) and temperature-dependent
coercivities were measured in a commercial VersaLab™ VSM Oven (Quantum Design,
Inc). In order to assure that particles do not oxidize during measurement, they were
encased in silver foil. The method for preparing VSM samples in this manner is shown in
the flow diagram in Figure 3.15. The weight of the silver foil was tared from the weight
of the sealed sample to determine the powder weight.

The oxygen content of spark-eroded powders and their sample capsules were

measured by inert gas fusion (ASTM E 1019-11). Empty capsules were measured for
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#Silver foil is formed into a cup by using a
Prepare brass punch that has diameter close to the
encapsulation size of the VSM sample rod.

*A silver discis also punched to act as a cap

Silver is loaded into a glass vial that is
Purge vials loaded into argon glove box for purging

*Within the glove box, the vials are sealed

eBottle is removed from the
1= il glove box for tare, and
reloaded into the glove box.

eParticles are
encased in
capsules, which
are crimped for
sealing

Load

Particles

Weigh

particles and
measure

Figure 3.15 Flow chart for preparing samples for VSM measurements. The samples are
encapsulated in silver foil in order to prevent the particles from oxidizing.

their contribution to the total oxygen content. The other elemental compositions were
measured by direct current plasma emission spectroscopy (ASTM E 1097-07) and
verified by x-ray fluorescent spectroscopy (XRF) and energy-dispersive x-ray
spectroscopy (EDX).

Electron microscopy images of the samples were taken with a Phillips XL30.
Optical microscopy was performed with a Keyence digital microscope with image-
stitching software. In order to observe the cross-section of tight clusters, the as-sparked
powder was cold pressed at 300 MPa and then mounted in epoxy for polishing. Bulk
samples were mounted in epoxy and polished with a Buehler MiniMet™ polisher. To
observe the domain structure of the magnetic phase, a suspension of CoFe>O4

nanoparticles in hexane was applied to polished bulk ingot. The particles collect in
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Figure 3.16 (a) Brass punch and rod used for preparing VSM sample cups. (b) Silver
cup/cap inside of a glass vial.

regions of non-uniform fields, such as domain walls, displaying what are known as Bitter
patterns.

X-ray diffraction (XRD) patterns were measured with a Bruker D7 powder
diffractometer with a LynxEye™ detector in the Bragg-Brentano geometry. In order to
minimize powder oxidation during measurement, powders were loaded into a sealed glass
bottle in an argon glove box. For measurements, petroleum jelly was quickly introduced
to the bottle and mixed with the powder. The jelly was smeared onto an amorphous
silicon sample holder for measurement. For even better protection, the alternative method
of sealing powders with packaging tape was also used (Figure 3.17). This method reduces
oxidation but also contains several backgrounds peaks and generates an overall peak shift
due to refraction.

The densities of the ingots were measured by the Archimedes method.
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Figure 3.17 Powder x-ray diffraction (XRD) samples. To best prevent oxidation during
measurement, powder samples are sealed in argon using packaging tape. The tape adds a
background peak and causes an overall peak shift due to refraction.

3.2.5 Magnetic Alignment

About 0.5 grams of spark-eroded MnBi was mechanically cold pressed in the
argon glove box by using the screw-press tool shown in Figure 3.18. In this figure, the
cross-section of the tool is shown, and the resulting 0.25 inch diameter green body is
compared to a U.S. dime. The pressure was determined to be around 600 MPa.

The pressed sample was encased in copper foil and mounted on a “VSM Oven”
component provided by Quantum Design, Inc for heating in a superconducting magnet.
The heater rod with the mounted sample was placed in a VersaLab™ in which annealing
at 300°C for 5 min in 3 T field and high vacuum was carried out. The moment of the
sample was measured prior to, during, and after the heating process. This, along with the

field and temperature was recorded and shown in Figure 3.20.



Sample

Figure 3.18 A cold-pressed pellet made from spark-eroded powder compared to pressing
pistons and a U.S. dime. The pellet was made using a custom screw-press tool that applies
an approximated 600 MPa to the powder sample while inside an inert glove box. The cross
section of this fixture is also displayed.

1. Cold Press 5 2. Magnetic Anneal . 3. XRD Measurement

|
4

e /

*

Figure 3.19 The process for orienting spark-eroded MnBi green compacts by directional
crystallization of the amorphous component in a magnetic field. The sample is first cold
pressed, and then it is mounted onto a heater rod that is inserted into a superconducting
magnet. The direction of the applied field is shown by a red arrow. The orientation of the
compact during XRD measurement is also shown by a red arrow.



66

In order to characterize the crystallographic orientation of the magnetically

annealed sample, the direction of the applied field is noted when removing the pellet for

XRD measurement. The pellet was placed flat on the XRD sample holder as shown in

Figure 3.19.
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Figure 3.20 Measurement and annealing profile showing magnetization, applied field, and
temperature versus time. A large increase in moment during annealing can be seen. The
1st and 2nd loops represent the room-temperature M-H loops of the sample before and
after annealing. In the interim, the temperature is increased to 573 K, held for 5 minutes,
and then cooled to 300 K, all while the field is held at 3 T.
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3.3 Results and Discussion

3.3.1 Bulk MnBi Ingots

Figure 3.21 shows that the higher the magnetization of the starting charge, the
higher that of the resulting powder. It is due to the difficulties in achieving pure LTP-

MnBi that the bulk ingots were formed by two methods.
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Figure 3.21 MnBi spark erosion runs plotted by the magnetization of the charge versus
that of the resulting spark-eroded powder for several chill-cast and arc-melted ingots (no
label denotes chill-cast, “AM” denotes arc-melted)
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3.3.1.1 Bulk MnBi by Chill-Casting

The M-H loop measured at 300 K shown in Figure 3.22 shows a moment of 73.5
emu/g in 70 kOe for an annealed chill-cast ingot. This value is the best among several
iterations of chill-casting and is the highest reported value for bulk MnBi ingots in the
literature. The high slope at low applied fields suggests a nucleation mechanism for
magnetic domain reversal, which would explain the low Hc in a fine-grained sample. The
high field (70 kOe) required for saturation confirms the high magnetocrystalline
anisotropy of LTP-MnBi.

The microscopic cross-sections of the chill-cast ingots before and after annealing
are shown in Figure 3.23. The images display three phases. There are black precipitate-

like facets dispersed over a dominant “darker” region shared with a “lighter” region.
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Figure 3.22 M-H loop of the bulk polycrystalline sample showing Ms of 73.5 emu/g at
300 K. The inset shows the low field (100 Oe) region showing Hc = 50 Oe.
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Figure 3.23 Cross-sectional optical microscopy images of a chill-cast ingot (a) before and
(b) after annealing showing black precipitates over a dark and light phase. The fraction of
dark phase (LTP-MnBI) increases after annealing.

Based on the moment of the magnetization curve, it is reasonable to believe that this
“darker” region is the LTP-MnBi phase.

When a 50/50 at % Mn-Bi melt begins to cool from the liquidus to the peritectic
temperature, it undergoes phase segregation of Mn, leaving a liquid that is rich in Bi.
Once this peritectic temperature is reached, the MnBi alloy begins to solidify leaving a
melt still rich in Bi. Upon further cooling to the eutectic temperature the entire melt
solidifies into MnBi and a significant portion of Bi. It is reasonable to infer that the
precipitate-like black facets are the Mn that segregates during cooling, and the “lighter”
region resembles the Bi formed upon solidification.

The elemental mapping by EDX in Figure 3.24 shows Mn to be present in the
black facets and “darker” region; Bi is present in the “darker” region, but more strongly
detected in the “lighter” region; and oxygen is found in the black facets. This suggests
that the black facets are indeed Mn (oxidized), the “lighter” region is Bi, and the “darker”

region is the magnetic MnBi phase.
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Figure 3.24 Elemental mapping of the annealed chill-cast ingot by EDX, which aids in
identifying the Mn, Bi, and MnBi phases. For the individual element maps, white denotes
the existence of the element.

The XRD pattern of the polished surface of the ingot sample is shown in Figure
3.25. In view of the high moment, we expected a diffraction pattern dominated by LPT-
MnBi peaks. However, the diffraction pattern shows only the Bi phase. The puzzle was
investigated by examining a powder prepared by lightly hand grinding some of the
sample in an agate mortar and pestle in an argon atmosphere. For the ground sample, the
LTP-MnBi peaks appear with much higher peak intensities than the Bi peaks. The most
likely explanation for this is that the LTP-MnBi grains in the sample are very large
relative to the irradiated area, effectively behaving like single crystals, with minimized

regions properly oriented for signals in the Bragg-Brentano geometry.
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Figure 3.25 X-ray diffraction pattern of the bulk chill-cast ingot in bulk and powder form
(from mortar and pestle grinding). Large grains in the bulk sample do not provide a random
enough crystal orientation distribution, and thus MnBi peaks cannot be detected.

The domain wall structure for MnBi is evident in the Bitter pattern in Figure
4.26.1'®1 The hexagonal c-axis, the easy axis, runs parallel to the striations seen in Figure
3.26. Therefore, a distribution of crystal orientations can be observed ranging from these
striations, axes oriented in the plane of observation, to the dots that represent easy-axes
pointing out of the plane of observation. The image also shows that the crystallite sizes
are on the order of 100 um, which supports the discussion of the XRD patterns in Figure
3.25. The individual crystallites in Figure 3.26(b) exhibit sharp edges and corners which
can be sites for nucleation of reverse domains. This is consistent with the high slope seen

in the M-H loop.
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Figure 3.26 Optical microscopy image of the LTP-MnBi chill-cast ingot after application
of “Bitter Juice”. The resulting Bitter pattern shows a randomly-oriented, multi-domain,
polycrystalline sample.

It was expected that grinding the bulk sample into particles in the single domain
size range!*®, would increase the coercivity. The M-H loop of a milled sample in Figure
3.27 shows an increase of coercivity to 4.5 kOe at 300 K. The moment has decreased to
65 emu/g, possibly due to oxidation. The SEM image included in Figure 3.27 verifies the
presence of particles well below the single domain size. In addition, larger particles are
present; these are likely multidomain. Furthermore, the bifurcation field of the M-H loop
is about 20 kOe, on the order of the anisotropy field.

In Figure 3.28, the entire as-cast ingot is sectioned off into the largest samples that
can be cross-sectioned, polished, and observed by microscopy. The results micrographs
are re-stitched together, and by careful analysis, it was determined that the entirety of the

ingot is homogeneous.
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Figure 3.27 M-H loop at 300 K for particles formed by attrition milling of the chill-cast
ingot and the SEM image of this sample.

A large disadvantage in chill-cast ingots, however, is the inconsistency in their
formation due to the large number of variables associated with the casting process. For
this reason, the chill-cast ingot presented in this section was the best among several
castings. Some variables that may affect the structure are the melt temperature (the
measurement of this is nontrivial), rate of pouring, location of pouring, mixture, etc.
Since the ingot has been found to be homogeneous, it is believed that the main cause for
poor properties occurs when the ingot begins to cool prior to being poured, although this

has yet to be fully studied.
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Figure 3.28 The complete polished cross-section of the chill-cast ingot. The ingot was
determined to be homogeneous despite an expected temperature gradient from directional
quenching.

3.3.1.2 Increased Magnetization by Vacuum Annealing

Due to inconsistencies with chill-casting, another technique was developed in
order to obtain high Ms in bulk ingots. Arc-melted MnBi ingots do not achieve high Ms.
Improvement involves the extraction of bismuth from arc-melted ingots by annealing in
vacuum. During this process, it is essential to use a mesh screen in order to allow molten
bismuth to depart from the ingot. The resulting Bi that gathers can be seen in Figure
3.29(c).

After all annealing processes on arc-melted ingots, the shape of the ingot remains
nominally unchanged. When the ingots are placed directly atop the mesh (Figure. 4.10a),
bismuth also accumulates along the edge of the ingot (Figure. 4.29b). This bismuth mass
is presumed to have formed from the molten state since bismuth melts at 271°C, which is

below the annealing temperature. The bismuth is not seen when a MnBi ingot is annealed
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Figure 3.29 Photograph of the arc-melted ingot a) before and b) after vacuum-annealing.
After vacuum-annealing, a large mass of Bi is found at the bottom of the annealing
chamber.

in argon. Therefore, it is believed that the vacuum, which creates a pressure differential
between the interior and exterior of the ingot, effectively extracts molten Bi from the
MnBi ingot. Gravity forces the bismuth downwards towards the mesh. Most of the
bismuth flows through the mesh, accumulating at the bottom of the chamber.

Figure 3.30 shows Ms of ingots of various thicknesses, annealing time, and
relative measurement location on the bulk ingot. Increasing the ingot thickness to 0.375
inch from 0.25 inch does not appear to change the average Ms. However, further
increasing the thickness to 0.5 inch decreases Ms. Increasing ingot thickness appears to
increase the difference of Ms between samples taken from the center versus the edge of
the ingot. In addition, increasing the anneal time also widens this gap. This suggests
bismuth migration out of the ingot. As expected, the poorest properties occur at the edge

of the sample, in the largest ingot, annealed for the longer duration.
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Figure 3.30 Magnetic properties versus size, annealing time, and sampling position.
Saturation Magnetization of Mn.1Bi bulk ingots of varying thicknesses, annealing
duration, and measurement location.

While the metallic phases of an as-cast ingot are relatively homogeneous (not
depicted), the vacuum-annealed ingot shows a bismuth-rich region at the bottom of the
micrograph, which is enlarged in the Figure 3.31 inset. This region of higher bismuth
density corresponds to the bottom of the ingot contacted with the stainless steel mesh
where bismuth appears to accumulate. The mesh, or contact with another ingot, blocks
the bismuth from extraction. This bottom surface can be removed mechanically by
grinding or sandblasting, but it is much simpler to remove the source of blockage. In the
fixed, oriented ingots, the amount of blockage is reduced, and hence Bi can freely flow
out (Figure 3.32). The contact points on the side of the ingot do not accumulate bismuth,

which is consistent with the observation that bismuth is pulled downwards by gravity.
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Figure 3.31 Cross-section of ingot showing Bi preference on one edge. The inset shows
MnBi islands in a matrix of Bi (Bi-rich region of MnBi formed due to blockage of Bi
extraction).

(2)

Figure 3.32 Diagram of the vacuum-annealing chamber with ingots (a) placed atop a
stainless steel mesh (b) suspended by a fixture made of stainless steel mesh. When
suspended, bismuth can freely flow away from the ingot.
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Figure 3.33 The full cross-section of a vacuum-annealed ingot showing little Bi content
but high porosity.

Optical micrographs were digitally stitched in order to show the full cross-section
of the vacuum-annealed ingot in which all bismuth has been extracted (Figure 3.33).
However, a depth profile in Figure 3.34 shows that the majority of dark regions in the
post-annealed ingot are concave below the ingot surface, which implies that they are
voids. Most pores are large enough to be observed without the aid of a microscope. The

porosity is not uniform and does not appear to occur in particular locations.

Figure 3.34 Depth profile using of the vacuum-annealed ingot obtained by using a digital
optical microscope in which the software detects areas that are in focus.
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Figure 3.35 Cross-sectional optical microscopy of an arc-melted MnBi ingot, (a) before
and, (b) after vacuum-annealing at 400X magnification. After vacuum-annealing, the dark
phase has increased at the expense of the light phase.

The ingot before and after the vacuum-annealing can be observed in the cross-
sectional optical micrographs taken near the center of the ingots (Figure 3.35). The
micrographs show an increased amount of black regions (manganese or pores) and a
decreased amount of white regions (bismuth) after vacuum-annealing. These micrographs
show that the vacuum-annealing process promotes the formation of MnBi phase, reduces
the fraction of Bi phase, and increases the sample porosity.

The magnetization curves of the vacuum-annealed ingot, argon-annealed ingot,
and as-cast ingot are plotted in Figure 3.36. These ingots have Ms of 72 emu/g, 43 emu/g,
and 28 emu/g, respectively. Ms of 72 emu/g is among the highest achieved in bulk MnBi,
where 43 emu/qg is typical. This is close to the best Ms achieved by chill-casting.

The fraction of low-temperature phase MnBi can be determined by comparing the
measured Ms to the theoretical Ms of 80 emu/g since the other significant phases (Mn,

Bi, void) have negligible contribution to the magnetic moment. Combining these values
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Figure 3.36 Magnetization curves of arc-melted MnBi ingots as-cast (pre-annealed),
annealed in argon, and annealed in high vacuum.

with the measured density, the relative phase quantities are calculated, listed in Table 3.1,
and depicted in Figure 3.37.

The pre-annealed, as-cast ingot is determined from Ms to consist of 35 wt %
MnBi. Since the nominal composition of the ingot is known, the relative weight fractions
of the non-magnetic phases can also be determined. Using the densities of the constituent
phases, the weight fractions can be converted into volume fractions, and the overall ingot
density can be determined. Here, the ingot is assumed to be 100% dense (no voids),
which is reasonable for arc-melted ingots. The calculated density of the ingot is 9.05 g/cc.
When this density is experimentally measured, a value of 9.02 g/cc is obtained. For
reference, the “ideal formation”, the highest achievable fraction of MnBi using the

starting composition of 52.4 at % Mn, is determined to have Ms of 78.4 emu/g. The value
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Table 3.1 Relative fractions of phases in arc-melted MnBi ingots.

wt% wt% wt% wt% vol % vol % vol % vol projected
MnBi Mn Bi MnBi Mn Bi MnBi % density
(formed) voids  (g/cc)

(a) Pre-Annealed 35.00* 15.1549.85 0.00 18.44 4598 3557 0.00 9.05
(b) Ideal Formation 9796 2.04 0.00 6296 243 0.00 97.57 0.00 8.86
(c) Argon-annealed 53.75% 11.24 35.01 18.75 13.61 32.09 5430 0.00 8.99
(d) Vacuum-annealed 90.00* 6.21 3.79 30.23 6.70 3.10 81.05 9.15 8.02*

* measured values (density or from Ms)

is lower than pure MnBi because of the excess manganese that cannot be removed from
the ingot by any annealing process. The pre-annealed ingot would require 62.96 wt % of
additional MnBi to be formed (Table 3.1, fourth column) in order to achieve this “ideal
formation”. The argon-annealed ingot, comparable to typical bulk MnBi, has formed only
an additional 18.75 wt % MnBi due to the slow diffusion. [

The vacuum-annealed ingot has Ms that is further increased by means of
removing non-magnetic Bi. However, the phases of the vacuum-annealed ingot cannot be
determined by previous means because the amount of Bi remaining in the ingot is
unknown. Since the shape and volume of the ingot remained nominally unchanged after
vacuum-annealing, the voids in the ingot are thus formed from vacated Bi, and so the
volume of porosity is equivalent to the volume of Bi removed. The density of the ingot
can be measured in order to determine the fraction of Bi remaining in the ingot. In
addition, Table 3.1 shows that total removal of the Bi phase from either the pre-annealed
or argon-annealed ingots would not sufficiently increase Ms — additional MnBi must be

formed in both cases. The final proportion of phases is thus a balance between the
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Figure 3.37 VVolume fractions of phases in (a) as-cast, (b) “ideal”, (c) argon-annealed, and
(d) vacuum-annealed ingots. Excess Mn (left) is partitioned from unreacted Mn (right).
MnBi that is formed relative to the as-cast ingot boxed by a bold outline. The Bi and Mn
portions that react to form this additional MnBi is separated by a dashed line.

amount of MnBi formed at the expense of unreacted Mn and Bi phases (increasing net
density and moment) and the amount of Bi extracted (decreasing net density while also
increasing net magnetization). The resulting density is 7.81 g/cc, indicating 3.79 wt % Bi,
11.4 vol. % porosity, and a MnBi formation of 30.23 wt % relative to the pre-annealed
ingot. The significant increase in the formation of MnBi compared to the argon-annealing
is attributed to the increased opportunities for Bi to react with Mn as it is being extracted
from the ingot. The volume percentages generally agree with the areal fractions observed
in Figure 3.35b.

When vacuum-annealed ingots for varying composition are compared, all ingots
show a large increase in magnetization after vacuum-annealing (Figure 3.38). There does
not appear to be a strong magnetic correlation with composition. From the discussion

above, this would imply that when the Mn composition is raised, it makes for a higher
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Figure 3.38 Saturation magnetization of vacuum-annealed ingots for various compositions

before (red) and after (blue) vacuum-annealing. All compositions increase to about 70
emu/qg after vacuum-annealing.

amount of molten Bi that is flowing to react. Therefore, slightly more reaction occurs

and, the increase in Mn content is negligible.

3.3.2 MnBi Particles

3.3.2.1 High Energy Density Particles & Characterization

The phases of the as-sparked and annealed powders were studied by observing the
powder x-ray diffraction patterns shown in Figure 3.39. Both powder samples show all
lines of LTP-MnBi® and Bi phases. The diffraction pattern of the as-sparked powder is
dominated by the Bi phase, with LTP-MnBi as the minority phase. The annealed powder

shows a dramatic rise of the LTP-MnBi major line, now the dominant phase. A weak
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Figure 3.39 Powder x-ray diffraction patterns for as-sparked and annealed powders. The

arrow (k&) points to the amorphous background. The asterisk (*) represents the lone Mn
peak. Annealing greatly enhances the MnBi peaks.

amorphous background can be seen in the as-sparked powder around 26 = 28°. This
background lies under the line representing the (002) plane, a low-order d-spacing, as
expected in amorphous metals. This is consistent with work by Guo et al*! on the
diffraction pattern of amorphous MnBi formed by melt spinning and is expected in a
rapid quench technique of spark erosion.

All lines in the annealed powder are narrower than those of the as-sparked
powder. A simple strain plot of the FWHMs estimates internal strain to be negligible in
both patterns, and thus broadened lines are suspected to be due only to crystallite size. By
using the Scherrer equation, the crystallite size of MnBi and Bi in the as-sparked powder
is determined to be 42 nm and 37 nm, respectively. The crystallite sizes of the annealed
powder are calculated to be 71 nm and 62 nm for MnBi and Bi, respectively. These

values indicate significant crystallite growth during the short, low temperature anneal.
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Figure 3.40 SEM images of (a) as-sparked powder at low magnification, (b) as-sparked
powder at high magnification, (c) cross-section of a sphere in the as-sparked powder, (d)
cluster of the annealed powder, (e) edge of a platelet produced by milling, and (f) milled
powder at high magnification.

Figure 3.40(a) shows a macroscopic image of the as-sparked powder with a
distribution of particle, aggregate, and cluster sizes. From this coarse magnification, there
appear to be large textured clusters of irregularly shaped aggregates as well as some
fraction of large spheres. Upon closer examination in Figure 3.40(b), these smaller
clusters can be resolved to show that they consist of spheroidal nanoparticles 20-50 nm in
diameter, below the single-domain particle size.[*1 These appear to constitute the major
volume of the sample. Figure 3.40(c) shows the cross-section of a sphere, which appears
to be porous and made up of finer particles. It is unclear whether multi-domain particles
exist within these spheres.

When the powder is annealed, the loosely bound aggregates form denser clusters

as seen in Figure 3.40(d), assisted by increased dipolar interactions upon crystallization
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Figure 3.41 M-H loops of (a) as-sparked, (b) annealed, and (c) annealed + milled spark-
eroded MnBi powders at room temperature. The annealed and milled powder demonstrates
a (BH)max of 3.0 MGOe.

of the non-magnetic amorphous particles into single domains. The nanoscale features are
retained, albeit with some necking among the nanoparticles. This structural change is
somewhat surprising given the short annealing time and low temperature of the heat
treatment. When milled, the powder sample forms into platelets of varying size and about
2 um in thickness. The edge of a platelet is seen in Figure 3.40(e) and is representative of
the entire sample. Still, the platelets can be seen to be made up of tightly-packed
nanoparticles.

Figure 3.41 shows the hysteresis loops measured for the as-sparked, annealed, and
milled particles. The as-sparked powders have Ms of 15 emu/g at room temperature in 7
T. After annealing, Ms increases to 69 emu/g, which implies that the sample is > 90 %
LTP-MnBi.[*l When the annealed powder is milled, Ms remains unchanged though Hc
increases. This milled powder exhibits a (BH)max of 3.0 MGOe, a large value for a
randomly oriented sample. High magnetization is critical to achieving this value — care

must be taken to assure that particles do not oxidize and are not contaminated during
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milling. Additionally, the milling proceeded at relatively low energy so to avoid phase
segregation of Bi often observed in ball-milling.[?"!

Hc of the as-sparked powder is 0.7 T at room temperature, lower than the
anisotropy field of MnBil®l. This reduction may be due to the presence of multi-domain,
amorphous, or superparamagnetic particles. After annealing, the particle necking seen in
Figure 3.40(d) increases exchange interactions, thereby reducing Hcto 0.4 T. Grain
growth of multi-domain particles, suggested by the diffraction pattern (Figure 3.39),
would also reduce Hc When milled, the necking bonds are broken, which increases the
sample Hcto 1.0 T.

The dramatic increase in Ms with only a very short, low-temperature anneal is the
result of an amorphous to crystalline transformationl?! indicating that the majority of the

as-sparked powder is amorphous. Given the size and volume fraction, it would appear

Figure 3.42 Transmission electron micrographs of as-sparked particles at (a) lower
magnification and (b) higher magnification, showing lattice fringes ending abruptly,
changing orientation, etc., indicating poor crystallization.
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that the nanoparticles in Figure 3.40(b) are the amorphous component in the as-sparked
powder. Figure 3.42 shows transmission electron micrographs of some of the as-sparked
nanoparticles. Some irregularly crystallized particles are shown in Fig. 4.42(b), in which
lattice fringes end abruptly, change orientation, etc.

In order to characterize the superparamagnetic component in the spark-eroded and
annealed powders, ZFC/FC curves were measured (Figure 3.43). The mean blocking
temperature, Tg, which is proportional to the particle volume, is the maximum of the
ZFC. The as-sparked powder shows Tg of about 135 K while the annealed powder shows
Tg of about 125 K. The smaller mean Tg in the annealed sample may be due to the

crystallization of smaller amorphous particles.
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Figure 3.43 Zero-field-cooled and Field-cooled curves for (a) as-sparked and (b) annealed
powders confirming a presence of a very small fraction of superparamagnetic particles.
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M, of these powder samples is about half of Ms. This is the expected value for
randomly-oriented, single-domain particles, suggesting that any superparamagnetic
fraction is small.

Chemical analyses were about the same for as-sparked and annealed samples. The
oxygen content was 1.46 + 0.27 wt %, and the Mn/Bi wt % ratio was 21.5/78.5 + 1 wt %.
Using the Ms measured in Figure. 4.41(b) for the annealed sample, the LTP-MnBi phase
can be estimated at 90.9 wt % with 0 % amorphous phase. Thus, the remaining 9.1 % is
calculated to be 5.4 wt % Bi phases and 3.7 wt % Mn phases, with oxides able to form
with either element. Assuming no Bi-oxide, the relative integrated intensity ratios of the
max peaks of MnBi and Bi can be determined from the diffraction pattern of the annealed
sample. Using this ratio from the diffraction pattern of the as-sparked sample, the
amorphous fraction is calculated to be 50-60 wt %, which is consistent with the magnetic
measurements.

Even though only 3.7 wt % Mn phase is estimated for the annealed sample, it is
surprising that no Mn-based peaks can be seen in the XRD pattern. A single Mn peak
representing the (330) plane can be seen in the diffraction pattern of the as-sparked
powder, in which the Mn phase is estimated to be about 8 wt %.

The temperature dependence of Hc is plotted in Figure 3.44 for the annealed and
lightly-milled powders. In the milled sample, Hc reaches 2 T at 400 K and is maximum at
540 K, which is in agreement with other reportst*> 1®l. The annealed sample follows the
same trend, but is displaced by a constant value. The constant displacement indicates that

the increased Hc of the milled sample is due to the dispersion of the aggregated particles.
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Figure 3.44 Coercive force versus temperature for annealed and milled powders
demonstrating a positive temperature coefficient of coercivity.

The yield for spark-eroded single domain particles of MnBi offers an impressive
economic advantage over other preparation methods. All of the powders reported here
were made in the 10 cm diameter laboratory cell illustrated in Figure A.2. The yield for
the powders discussed was > 100 g/hr. Under optimized conditions, MnBi has since been
spark-eroded with a yield of = 360 g/hr in the same 10 cm diameter cell. Considering that
it has been shown that spark erosion is a readily scalable technique with high energy
efficiency[?, with only modest processing required to obtain optimum properties, it
seems likely that this production technique should be very competitive in the

marketplace.
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3.3.2.2 Effects of Ball-Milling of Spark-Eroded Powder

The milling of spark-eroded particles offers a way to enhance their magnetic
properties, as previously shown, by breaking apart slight-attached clusters. The milling of
spark-eroded particles is different from milling the bulk due to the fine particle size and
structure. As been shown, even a light milling provides enough energy to change
macroscopic properties.

Figure 3.45 shows the hysteresis loops for spark-eroded particles that have been
ball-milled for 19 hours. As previously noted, Hc increased to 2 T at room temperature
for randomly-oriented particles. The large increase in Hc is like due primarily to the
breaking of clusters. The energy of milling was sufficient to crystallize some of the

amorphous powder, thereby increasing Ms by 50%. The XRD patterns for both powders
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Figure 3.45 M-H loops for spark-eroded MnBi before and after 19 hours of ball-milling.
Ball milling increases both Ms and Hc of as-sparked powder.
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Figure 3.46 XRD Patterns for spark-eroded MnBi before and after ball-milling. Ball-
milling increases the intensity of MnBi peaks.

are shown in Figure 3.46. There is an increase of peak intensities in the LTP-MnBi peaks
relative to Bi peaks.

When this milled powder is annealed, Ms is lower than that of annealed powder
that has not been milled (Figure 3.47), and Hc drops to 1 T. When the annealed powder is
milled, the same drop in Ms is observed, but Hc is 2 T. Since measures were taken in
preventing oxidation during milling, the lower Ms is due to irreversible phase segregation
that occurs during ball-milling, which has previously been reported??, or more likely,
due to the separation of aggregates, which creates magnetically disordered surfaces. The
SEM images in Figure 3.48 of the powder milled and annealed, and the reverse, show
some necking of the particles when annealing is last. This is a major reason for the

difference in Hc.
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Figure 3.47 M-H loops for spark-eroded MnBi annealed, annealed then milled, and milled
then annealed. Ball-milling inherently reduces Ms whether performed before or after
annealing. Annealing reduces Hc of a milled sample to 1 T, while milling increases Hc of

an annealed sample to 2 T.

Figure 3.48 SEM imaged for spark-eroded MnBi (a) annealed then milled, and (b) milled

then annealed. When annealing is the final step, there is evidence of necking.
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Figure 3.49 XRD Patterns for annealed spark-eroded MnBi before and after ball-milling.
Milling broadens peaks and reduces the intensity of MnBi peaks.
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Figure 3.50 XRD Patterns for annealed spark-eroded MnBi powder that has and has not
been milled. The milled sample has reduced MnBi peaks that could not be restored by

annealing.

The XRD patterns for the annealed powder before and after ball-balling are
shown in Figure 3.49. The ball-milled peaks are broadened. The diffraction pattern of the
annealed powder shows several peaks that cannot be seen in the ball-milled powder due

to broadening. No additional peaks can be identified in the region. All of these peaks can
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be identified as Bi or LTP-MnBi. Similarly, Figure 3.50 shows the XRD patterns for
spark-eroded powder that has been annealed and the same powder that has been ball-
milled before annealing (annealed versus milled, then annealed). The patterns show that
all peaks are distinct and not broadened. Additionally, the ratio of Bi to LTP-MnBi
appears to have increased when the sample is ball-milled before annealing. This is may

be evidence that milling causes some phase segregation.

3.3.2.3 Surface Dead Layer

As was shown in Figure 3.21, the properties of spark-eroded powder depend on
those of the starting charge material. The correlation, however, is rather complex. It has
been found that while vacuum-annealed arc-melted ingots exhibit the same Ms as chill-
cast ingots, when the arc-melted ingots are spark-eroded, the resulting powder had Ms ~
58 emu/g, far less than the anticipated 70 emu/g powder that was previously achieved by
spark-eroding chill-cast ingots with high Ms. Figure 3.51 shows the demagnetization
curves for several spark-eroded powders that have been made from vacuum-annealed
ingots with high Ms.

The lower moment is not believed to be due to processing, but to a difference in
the target material that leads to different properties in the spark erosion yield. The

possible reasons for the decreased moment are as follows:
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Figure 3.51 Demagnetization curves for the spark-eroded powders made from
vacuum-annealed ingots, and after annealing, demonstrating generally lower than expected
Ms from a starting ingot with Ms of 72 emu/g.

1)

2)

Phase segregation. At 72 emu/g, bulk ingots, whether arc-melted or chill-cast
contain about 10 weight percent non-magnetic phases. Since the high Ms of chill-
cast ingots are a result of MnBi formation alone, all phases are likely in close
proximity. Thus, a spark plasma may affect a macroscopic area that consists of
fine, unreacted, non-magnetic Bi and Mn phases, which helps to homogenize this
region and produce more pure MnBi. The vacuum-annealed ingot, however, is
porous due to phase migration during the Bi extraction process. This migration
could lead to dispersion of non-magnetic phases in the ingot that remain unreacted
in the yield.

Oxidation. When Bi is extracted from the bulk ingot by vacuum, voids remain.
When removed from the annealing chamber, these voids may slowly fill with air
(previously identified as 11 percent by volume). When this bulk is spark-eroded,

they are submersed in liquid nitrogen, perhaps trapping the air and allowing some
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level of oxidation to occur during the spark erosion process. XRD, however, was
unable to identify any oxide peaks.

3) Surface effects. The surfaces of fine ferromagnetic particles often do not
contribute to the magnetic moment due to their magnetically disordered surfaces.
If we consider a thin magnetically "dead" layer that surrounds each MnBi particle,
then the magnetization will decrease as the average particle size decreases. This is

governed by the following equation:

i (15)

Ms R (4.2)
If the dead layer thickness is taken to be the c lattice parameter of hexagonal

MnBi3 then it can be seen that the “dead layer” has a large effect on particles

20~30 nm in diameter in Figure 3.52.
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Figure 3.52 Effect on the magnetization of a MnBi particle (diameter) for various “dead”
layer thicknesses (multiples of hexagonal c-lattice parameter).
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3.3.3 Magnetic Alignment

3.3.3.1 Partially-Aligned Compacts by Annealing in a Field

When green compacts of spark-eroded MnBi particles are crystallized by
annealing in 3 T, the resulting compact is partially aligned crystallographically. Figure
3.53 shows the M-H loops of the compact before and after annealing in a magnetic field.
Before annealing, the green compact properties are similar to that of as-sparked powder,
as expected. After the compact was annealed, it was measured with the applied field in
the same direction as the annealing field. The resulting M-H loop has an increased

“squareness”, an increased M./Ms ratio of up to 0.8 from a ratio of 0.5 in a randomly-
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Figure 3.53 M-H loops of a spark-eroded, cold-pressed MnBi sample before and after
annealing in a 3 T field. The applied field direction for measuring is the same as the
annealing field.
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Figure 3.54 XRD pattern of the partially-aligned MnBi compact made from spark-eroded
powder. Key peaks are numbered and labeled as augmented or diminished based on

whether the peak intensity has increased or decreased relative to other peaks when
compared to a randomly-oriented MnBi sample.

oriented sample. This suggests that the compact has been magnetically aligned along the
annealing field direction. Ms has also increased by 200% and Hc has decreased, which
are both expected from the discussion on annealing in Section 3.3.2.1.

The crystallographic orientation was investigated by XRD. The aligned sample is
mounted such that the direction of the alignment is orthogonal to the direction of the x-
ray source and detector (See Figure 3.19). The resulting pattern is shown in Figure 3.54.
By comparing this pattern to the reference pattern for LTP-MnBI, which is the same for

randomly-oriented MnBi powder, it can be seen that certain peak intensities are increased
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while others are decreased relative to each other. Key peaks are numbered and labeled as

augmented or diminished
The key peaks are indexed and the resulting planes are depicted within the MnBi
unit cell in Figure 3.55. The peaks that are augmented suggest that the x-ray radiation is

coming from a direction normal to the planes. Likewise, peaks that are diminished

represent planes in which the x-ray radiation is parallel to the planes and thus do not

—~
N
o
o

N—

(X-ray radiation)

Figure 3.55 The MnBi crystal structure (NiAs structure)!?¥l showing several atomic planes.
The relative position of the x-ray source is suggested based on the corresponding relative

peak intensity from the XRD pattern.
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diffract. Indexing has identified that the (100), (002), and (110) planes are augmented

while the (201) plane is diminished. In Figure 3.55, the location of the x-ray source is

determined based on whether the representing peaks were augmented or diminished (e.g.

in the (002) plane, since the peak is diminished, the x-ray radiation must come from a

direction that is parallel to the planes). Since the location of the x-ray source is known, all

changes of the changes in peak intensity suggest that the x-ray radiation is coming from a

direction that is orthogonal to the c-axis. This implies that the c-axis is parallel to the

sample holder, which is the same direction as the magnetic field during annealing,

proving that some crystallographic alignment has been achieved.
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Figure 3.56 M-H loop of spark-eroded, milled, and cold-pressed sample before and after
annealing in 3 T field and at higher temperature. The applied field direction for measuring
is the same as that for annealing.
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Figure 3.57 Parallel vs. perpendicular measurements on a magnetically aligned compact
made from spark-eroded powder that has been milled. The parallel/perpendicular marker
indicates the measurement direction relative to the alignment direction.

The same magnetic alignment procedure was performed on spark-eroded MnBi
powder that was ball-milled. The resulting M-H loop is shown in Figure 3.56. The
characteristic “squareness” is observed in the aligned sample. Hc is about 1 T, the
expected value of spark-eroded powder that has been milled and annealed (Section
3.3.2.2). Ms is lower in the milled sample, as expected.

When the sample is rotated 90° such that the direction of alignment is orthogonal
to the measurement direction, the resulting M-H loop is shown in Figure 3.57. As

expected, the “squareness” is eliminated, and the magnetization is lower.
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3.3.3.2 Crystallization Study

The amorphous to crystalline transition can be observed by changes in
magnetization during the annealing process (Figure 3.58). At room temperature, the
sample magnetization has a non-zero moment due to the crystalline component. This
magnetic moment decreases slightly due to the intrinsic temperature dependence of
magnetization of MnBi. The magnetization begins to increase near 400 K. The inflection
point is near the melting point of Bi where Guo et al shows by calorimetry curves is the
start of LTP-MnBi formation.?] The rate of moment increase is maximum at 600 K.

Shortly after 600 K paramagnetic HTP forms; this continues until melting near 700K.
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Figure 3.58 (a) Magnetization of as-sparked sample in 50 Oe measured as a function of
temperature from 300K to 700 K with a heating rate of 10 K/min. The derivative (b), and
second derivative (c) are shown to accentuate changes in magnetization.



3.3.4 Composites (Fe, Co, FeCo)

3.3.4.1 Milled Mixtures
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Since milling breaks up clusters and aggregates of spark-eroded MnBi (Section
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with soft, high magnetization particles. This would break up aggregates that

ultrasonication was unable to accomplish (see Appendix C). Figure 3.59 shows the

\
N

Al

\
N/

\ !

s

|
[0s]

H(T)

3.3.2.2), this technique was used to try to obtain an intimate mixture of MnBi particles

hysteresis loops of ball-milling annealed, spark-eroded MnBi powder with Fe. Compared

to the expected loop (dashed), the moment is lower due to the irreversible milling effects

Figure 3.59 Experimental mixture of annealed, spark-eroded MnBi with 10 wt. % spark-
eroded Fe after ultrasonication in hexane, compared to theoretical mixture (dotted)
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Figure 3.60 Ball-milled mixtures of annealed, spark-eroded MnBi powder with Fe, Co,
and FeCo. Fe and FeCo appear to increase Ms, while Co decreases Ms.

In Figure 3.60, the M-H loops of annealed MnBi from spark erosion is mixed with
other soft phases by ball-milling. Co reduces the magnetization, likely due to anti-
ferromagnetic coupling. Fe and FeCo form satisfactory mixtures, albeit with lower-than-
expected Ms due to aforementioned milling effects.

When the mixtures are compacted by RPS in order to consolidate and form better
interfacial contact, some adverse effects are observed. In Figures 3.61, 3.62, and 3.63, a
comparison of the Co, Fe, and FeCo powder mixtures and their compacts are compared,
respectively. When the cobalt mixture is consolidated, a total loss of hysteresis occurs,
and Ms is further reduced. The Fe mixture has a similar effect, except that the presence of

a two-phase mixture is evident. The FeCo mixture shows no changes due to compaction.
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Figure 3.61 Annealed, spark-eroded MnBi powder mixed with 27 wt % Co nanoparticles
by ball-milling, and compacted by RPS before and after compaction, showing loss of
hysteresis after RPS.
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Figure 3.62 Annealed, spark-eroded MnBi powder mixed with 25 wt. % spark-eroded Fe
particles by ball-milling and compacted by RPS before and after compaction, showing
some loss of hysteresis after RPS.
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Figure 3.63 Annealed, spark-eroded MnBi powder mixed with 26 wt. % spark-eroded
FeCo particles by ball-milling and compacted by RPS before and after compaction,
showing no loss of hysteresis after RPS.
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Figure 3.64 Annealed, spark-eroded MnBi powder mixed with 25 wt. % spark-eroded Fe
particles by ball-milling and compacted by RPS at different heating rates. The slower rate
appears to have a greater loss of hysteresis.
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That the Fe mixture deteriorates after RPS is consistent with a report that Fe
substitutes for Mn in MnBi thin films with an antiferromagnetic interaction?l. The M-H
loop in Figure 3.64 shows that a “faster” RPS (faster heating rate and shorter hold time)
produces a compact with slightly higher moment and a larger hard component. The
properties of the Co mixture after just mixing suggests that the mixing was very intimate,
and that it promoted a strong magnetization decrease, possibly due to an
antiferromagnetic exchange interaction. The FeCo mixture was unaffected by RPS,
indicating a remarkable absence of any exchange interactions.

An EDX elemental mapping and SEM of the polished FeCo mixture compact
confirms the homogeneity of the phases (Figure 3.65). By comparison, Figure 3.66 shows
EDX mapping of a lightly SPEX milled mixture showing large aggregates of MnBi and a
large particle of FeCo not well-integrated. The ball-milled mixture shows homogeneity

and the breaking of any clusters or particles. This is evidently inadequate to produce an

exchange-spring magnet.
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Figure 3.65 EDX elemental mapping of the MnBi-FeCo ball-milled mixture showing
relative homogeneity at the micron scale.
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Figure 3.66 EDX elemental mapping of the MnBi-FeCo lightly-milled mixture showing a
large particle of FeCo.

The effects of magnetically aligning these mixtures when mixed with as-
sparked, amorphous MnBi powder was investigated. The resultant properties of an Fe
mixture (10 wt % only) are shown in Figure 3.67. When the powder is compacted and
magnetically annealed, the increase in moment is only slight (50 emu/g at 3 T). In
contrast to the previous mixture of Fe with annealed powder, the hard phase remains,
with evidence of substantial multidomain presence. The properties of the same powder
consolidated by RPS, with the same time and temperature profile is compared in Figure
3.68 showing a smoother curve. This two-phase curve appears smooth since the fraction

of Fe is small (see Appendix C).



110

——Before Annealing

— After Magnetic
Annealing

H(T)

Figure 3.67 Ball-milled mixture of spark-eroded MnBi and Fe before and after annealing
in a magnetic field, showing two phases with partial alignment.
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Figure 3.68 Aligned mixture of spark-eroded MnBi and Fe (red dashed) compared to the
RPS compact of the same mixture, demonstrating the effects of alignment.
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3.3.4.2 Coated MnBi Particles (Co)

CoCl; may be used to coat MnBi with Co. When bulk MnBi was mixed for
several hours in a 0.25 M solution of CoClz in ethanol, EDX elemental mapping found

that cobalt has deposited on the outside of this ingot (Figure 3.69)

Mn Kat BiLat

Figure 3.69 EDX elemental mapping of a MnBi bulk ingot coated with Co by stirring in a
0.25 M CoCl; ethanol solution for several hours.

When spark-eroded MnBi was annealed and milled in the same solution, Ms
decreased from 45 to 22 emu/g. The resulting M-H loop was compared to the starting
powder in Figure 3.70. When the powders are measured at 800 K, the soft loop was
unchanged; MnBi should have decomposed. EDX of these particles detected only cobalt
and bismuth (no manganese), and the atomic percent of cobalt is about a 1:1 ratio with
that of bismuth. This implies that the salt solution decomposed the MnBi, replacing the
manganese with cobalt. The manganese is likely to have been washed away in the ethanol

solution upon drying of the powders. The resultant Co-Bi particles have a slightly lower
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Figure 3.70 Annealed spark-eroded MnBi powder before and after ball-milling in a CoCl;
ethanol solution, showing a total loss in hysteresis.

moment than that of MnBi due to the major weight fraction of bismuth, which contributes
no magnetic moment. This work is promising since the composition may be biased to be
rich in sacrificial Mn.

When the annealed MnBi powder is mixed with the CoCl; solution by ball-
milling in glass vials, some tunability is achieved, and the resultant demagnetization
curves are shown in Figure 3.71. What is important is the number of Co ions per mass of
MnBi. It was thus calculated that 10 mL of the 0.1 M solution will create a 2 nm coating
of Co around 1 gram of spark-eroded MnBi. For comparison, 0.05 M and 0.2 M was

used. As expected, Hc increases as the molarity of CoCl, decreases. However, in all
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Figure 3.71 Annealed spark-eroded MnBi powder ball-milled with CoCl, ethanol
solutions of various molarities in glass vials. Larger molarities decrease both M, and Hc.

cases, Hc is still very low and the moment is significantly less than without any coating.

The moment also decreases with increasing molarity.

In order to minimize the interaction of the soft and hard phase (retain only a

coating), annealed MnBi was also mixed by ultrasonication. This will allow clusters to

remain, but a smaller portion of MnBi will be affected. The demagnetization curves are

shown in Figure 3.72 and follow the same trend of higher molarity reducing both Hc and

Mat. These trends are plotted in Figure 3.73. The decrease of the Mr/Mat ratio with

increase molarity shown in Figure 3.74 suggest an increase in soft phase.



114

13 —
12 —
11 -
10 —
9
— 8 — -2-00M
20 E
g 7 ~4—0.05 M
L6 —=<0.10 M
= 1 #-0.15 M
3 -0-020M
2 —-0.25M
1 : i S : —
0 et K
-4000 -3000 -2000 -1000 0

H(T)

Figure 3.72 Demagnetization curves for annealed spark-eroded MnBi powder
ultrasonicated in CoCl; solutions of various molarities. Higher molarities have greater loss
of hysteresis.
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Figure 3.73 Trend of coercivity and magnetization in 3 T for powders ultrasonicated in
CoCl solution of various molarities. Both properties are decreased with increasing
molarity.
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Figure 3.74 M/Mar for powders ultrasonicated in CoCl, solution of various molarities.
The decreasing trend is suggests that more soft phase is added at higher molarities.

Finally, in order to minimize any localized heating and maximize uniformity, as-
sparked powder was mixed with the CoCl; at a steady rate by gentle stirring. The moment
is very low, but the coercivity is high. As seen in Figure 3.75, an increase in molarity
(with all other quantities fixed) produces a higher moment with negligible effect on Hc.

In addition, as the molarity is increased, a kink is formed, but M still increases. These are
the ideal trends for an exchange-spring magnet, and it is possible that some exchange-
spring behavior exists, but the moment is too poor for this to be considered a success.
This “minimal energy” approach is perhaps what is necessary to keep the Co from
interacting with the MnBi while producing a uniform coating.

EDX analysis on the powder (Figure 3.76) confirms that the Bi portion barely
changes, but that Co replaces Mn. By comparing to M-H loops in Figure 3.75, we see that

the Mar is tripled from the 0.05 M batch to the 0.2 M batch. This correlates to the
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increase of Co in the EDX analysis suggesting that the increased moment is due to Co

and that the small portion of MnBi is relatively constant. The soft Co phase increases the

moment of the MnBi particles without reducing Hc.
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Figure 3.75 M-H loops for spark-eroded MnBi powders stirred in ethanol while CoCl;
solutions of various molarities is slowly introduced by dripping.
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Figure 3.76 EDX analysis on the MnBi particles mixed with the CoCl> solution suggests
that the Co replaces Mn.
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3.4 Conclusions

High-purity bulk LTP-MnBi ingots have been achieved by chill-casting and
subsequent annealing. These polycrystalline ingots, consisting of large multi-domain
grains, exhibit low Hc due to the nucleation of reverse domains. Because such ingots are
difficult to produce, another method for improving the magnetization of arc-melted ingots
was developed. By annealing the ingots in a vacuum with a mesh fixture, molten bismuth
is extracted from the ingot producing a porous ingot with Ms comparable to the chill-cast
ingots.

With these bulk ingots, high-purity LTP-MnBi particles have been produced by
spark erosion, followed by subsequent annealing. The spark erosion yield consists of a
major portion of 20-30 nm particles formed into clusters and aggregates. A large fraction
of the as-sparked powders is amorphous and crystallizes rapidly. Once crystallized, the
Ms is 69 emu/g, over 90 % of bulk value. These particles can be lightly milled to increase
Hc without decreasing Ms in order to yield (BH)max of 3.0 MGOe at room temperature
in a randomly-oriented sample.

It was found that with further milling of these powders, room-temperature Hc of 2
T can be achieved. However, such milling reduces Ms. Annealing these milled powders
does not increase Ms, but decreases Hc due to particle necking. The optimal milling
intensity for high (BH)max is thus a balance of increasing Hc by breaking particle clusters

and retaining Ms by avoiding phase segregation caused by localized heating.
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Partially-aligned compacts of spark-eroded MnBi can be made by cold-pressing
and annealing in a magnetic field of 3 T. When the amorphous component of spark-
eroded MnBi is crystallized in a magnetic field, the crystals grow with their easy c-axis
aligned along the direction of the applied field. The crystallographic orientation of the
resulting compact was confirmed by x-ray diffraction studies on the aligned sample.
Spark-eroded powders that have been milled can also be aligned, which produces a larger
coercive force, albeit with lower Ms.

Finally, spark-eroded particles were mixed with Fe, Co, and FeCo soft phases by
ultrasonication, ball-milling, and chemical solutions. When ball-milled and compacted by
RPS, the Co mixtures exhibit the most reduced magnetic properties. Mixtures of MnBi
and Fe undergo similar deterioration only when heated. The magnetic properties of the
FeCo mixture do not deteriorate, but remain two-phase. Presumably, the reasons for poor
properties (e.g. oxidation, contamination, surface effects, and phase segregation) prevent
the Fe or Co from negatively interacting with the MnBi. The magnetization of spark-
eroded particles, in which Ms was only a few emu/g, was successfully increased by the

addition of Co without decreasing Hc.
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APPENDIX A: SPARK EROSION

A.1 Background

Figure A.1 Photograph of the shaker-pot version of spark erosion during a run.

Spark erosion is a technique developed by Ami E. Berkowitz, committee chair of
this thesis, and John L. Walter at General Electric Company in 1980.[!1 The technique
utilizes the energy of electrostatic spark discharges to expel molten particles from an
electrode or connected charge piece. In spark erosion, a charged capacitor is attached to

electrodes of any conductive starting material. When the electric field across these two
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electrodes, separated by a sufficiently small gap, is larger than the dielectric breakdown
field of the liquid in which they are immersed, the capacitor discharges, producing a
spark (micro-plasma) between the pieces involved. This micro-plasma, consisting of
electrons and positive ions, is very hot, of the order of 10,000 K. The kinetic energies
of the faster electrons and slower ions are deposited on localized regions where the spark
was initiated, superheating them to boiling. When the spark collapses, vaporized alloy
and molten droplets are violently ejected from the boiling regions and propelled through
the plasma region into the dielectric liquid where they are very rapidly quenched.

Spark erosion is very versatile — any material that is conductive can be spark-
eroded. The process typically produces particles that are spherical in nature due to the
generation of molten droplets. Hollow particles have also been produced.?! Because of a
fast quench rate, spark erosion can produce amorphous powders.®! The ability to create
fine particles also makes it an attractive method for producing ferrofluids.™

The majority of spark-eroded particles are typically of micron size. By varying
electric power settings, Carrey et al has discussed the tunability of the maximum spark-
eroded particle size, which is determined by how much material can be melted with the
energy of one spark.[® The actual dynamics are much more complicated because less
energy typically goes into particle formation. In the work presented in this dissertation,
high energy sparks focus on vaporizing a local portion of material rather than melting a
large portion. This vaporization produces a majority fraction of nanoparticles that are
useful for thermoelectric and permanent magnets.

A primary advantage of spark erosion is that it is a rapid-quenching technique that

requires no crucible. Contamination is thus restricted to only contact with the dielectric
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Figure A.2 Spark-eroded MnBi particle yield after 1 hour in a 4 inch ID glass pot. Rates
of as high as 360 grams per hour have been achieved.

medium. The dielectric can be selected to be inert (e.g. liquid argon) so that it does not
interact with the sparking material. Alternatively, liquid nitrogen, dodecane, ethanol,
water, and carbon tetra-chloride have been suitable dielectrics for various materials.
Since the entire process can be performed in a hermetically sealed vessel, oxidation and
moisture can be minimized.

There are several configurations for utilizing spark erosion for particle
production.®®! The shaker-pot version is the method of choice because of the ability to
attain large yields while minimizing contamination and/or oxidation. Large yields are
desirable for scalability and economic feasibility. In this configuration, power is only
drawn to re-charge a capacitor that has discharged to form the powder-producing spark.
The process is thus very energy-efficient, typically operating at only a few hundred

watts.[6]
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A.2 Setup and Preparation

The construction of the shaker-pot apparatus can be seen in Figure A.3. Here, a 10

cm diameter spark erosion cell is placed within a double-walled, vacuum-jacketed glass

container that holds the dielectric liquid. Alternatively, cooling water can be flown

plastic cell

dielectric liquid
charge

electrode

falling particle

vacuum jacket

Figure A.3 Spark erosion shaker-pot schematic.
through this jacket to prevent heating when room-temperature dielectrics are used. Two

electrodes of the alloy of interest are mounted in the cell and connected to the power
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source. ‘Charge’ pieces of the same alloy, irregular shapes roughly 2 cm in size, are
placed atop the perforated Delrin™ support, making contact with the electrodes.

The mounting of electrodes is sometimes a non-trivial process. Figure A.4 shows
a schematic of how electrodes are typically mounted within the spark erosion cell. Brass
rods are hard-soldered into T-junctions for fixing the electrode. The rod acts as the
electrical connector and also to fix the electrode in place relative to the cell. The brass rod
is typically #8 threaded (ANSI/ASME), and thus a hole of the same size should be
machined into the electrode for mounting, as seen in the photograph next to the
schematic. It is often too costly to machine this hole, or the shape of the electrode does
not permit this configuration. For some metal alloys, electrical connection can be
achieved by simply welding or soldering, and then a separate fixture holds the electrodes.

An attractive alternative is to clamp the electrode by using aluminium sheet metal (also

pS A

Figure A.4 Schematic for mounting of spark erosion electrodes showing threaded brass
rods, alternative aluminum clamp, and charge placement.

displayed in Figure A.4)
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We have found that irregularly shaped pieces with a multiplicity of corners and
edges act as the best charge pieces. However, as with the electrodes, the shape of the
charge is often limited by the economic practicality of cutting bulk ingots into optimal
shapes and sizes. The photograph in Figure A.5 shows some charge morphologies that
have been effective for spark erosion. This includes button ingots that are directly cast,
cylindrical rods that have been segmented, crystals that have been cleaved, and large
billets that have simply been fractured into pieces of suitable size. A photograph of the

final cell consisting of mounted electrodes and charges is shown in Figure A.6.

Mn-Bi

— e T & TTTTITIRIE

e DTS,

Figure A.5 Photographs of typical spark erosion charges measured with a ruler.
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Figure A.6 Spark erosion cell (a) filled with charge, and (b) without charge and with
shortened walls to show the exposed electrodes. Brass connectors must be electrically
insulated in order to prevent their spark erosion.

A reactor cap creates a hermetic seal while allowing for electrical feedthrough,
cryogen input, and exhaust. Additional charge can also be inserted through this exhaust
port. While it has been found that the dielectric actually shields the particles from
oxidation, the hermeticity of this reactor cap is still important for safety considerations
(fine particles are often pyrophoric and can be toxic). The assembled vessel is driven by a
variable speed shaking motor and attached with parts that can withstand the vibration at
cryogenic temperatures without shattering the glass. A schematic of the completed
assembly is shown in Figure A.7. The assembly is shaken so that contacts between the
electrodes and charge pieces are made and broken frequently. Thus, electrical contact
between the electrodes is made at random, as are the gaps among the charge pieces across

which the sparks are generated.
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Figure A.7 Spark erosion shaker-pot setup, model view.
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A.3 Operation Optimization

The properties of the spark erosion yield are determined by the properties of the
spark discharges, which depend on many factors including the amount of charge being
discharged from the capacitor, the resistance of the current pathway, the gap distance
between the conductive material, and the lifetime of the plasma. The shaker-pot version
of spark erosion is stochastic — charge pieces move at random thereby creating a
distribution of gap sizes. This forces the capacitors, which are constantly being charged
by a power supply, to discharge at random stages in the charging process and for random
durations; capacitors often do not discharge completely.

The current waveforms of the spark discharges are observed using a pickup coil
connected to an oscilloscope. The typical waveforms of 1000 A peak current and 80 ps

time duration can be seen in Figure A.8. The ideal spark erosion run operates

(SXNNERSREE)

Figure A.8 Spark erosion current waveforms: (a) near ideal and (b) non-ideal distribution
of peak amplitudes. Multiple waveforms can be seen by the “persist” function of the
oscilloscope.
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continuously at the maximum rate in which the all sparks produce uniformly high current
waveforms. This is shown in Figure A.8(a), while Figure A.8(b) shows a distribution of
peak currents (multiple sparks are seen due to “persistence mode” of trace). Failure to
achieve waveform uniformity can lead to a larger distribution of particle sizes and
morphologies.

In order to approach the ideal case, the shaking of the vessel and the packing of
the charge should be optimized. Since charge packing changes during a run, the shaking
requires monitoring and readjustment. Distribution of spark profiles can often be
eliminated simply by varying the shaking speed. Excessive quantities of charge may also
prevent ideal operation.

During the initial introduction of charge, configurations prone to “jamming”
should be avoided. Heavier charge may require an increase in the shaking amplitude,
which is changed by adjusting the camshaft length. If no gaps are formed during shaking
due to a “jam” or otherwise, the circuit is shorted. This could cause damage to the power
supply, cause excessive heat, or weld the charge pieces together. If a “jam” occurs during
a run, the power is turned off in order to avoid damage to the electronics.

Aside from spark uniformity, conditions should be adjusted in order to optimize
the yield rate. Initially, enough charge is added to form a current pathway without
shaking. So if shaken too slowly, sufficient gaps cannot be formed — the number of
sparks, the spark rate, will be high and a short may occur. If shaken too quickly, the spark
rate will be lower than optimal. Charge size and quantity are most key to spark (and
yield) rate. Larger charge pieces typically produce more uniform sparks at the expense of

yield rate due to fewer surface contacts.
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A.4 Processing and Handling

Spark-eroded metallic particles are often pyrophoric. In these cases, care is taken
during collection, handling, and storage. After spark-eroding in a cryogen, the cell
containing the charges and electrodes are removed while the vessel is still filled with the
cryogen. The cap is replaced with a glass flange that consists of a graded surface and
Teflon valve (Figure. 2.9a). The outlet is attached to a bubbler (filled with pump oil) that
allows the cryogenic boil-off to escape while preventing air from entering. Once all the
cryogen has evaporated, the Teflon valve is closed, and the entire vessel is loaded into an
oxygen-gettered argon glove box (< 5 ppm Oy) for particle collection and storage. The
powder is sieved (typically at 53 um) in order to eliminate large chunks fractured off
from charge pieces. All further handling of the powder, including annealing, also occurs

within the glove box.

Figure A.9 Glass cap (a) and clamp (b) for safe boil-off of a cryogenic liquid. The cap,
with of a Teflon valve, is a standard glass flange.
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A.5 Effect of Parameters

The spark erosion parameters that are experimentally varied are the voltage,
capacitance, and dielectric liquid. These parameters are the simplest to change, have the
most profound effect on the yield rate and morphology, and are typically set before the
run occurs, remaining unchanged for the duration of the run (although sometimes the
voltage is tweaked in order to achieve a desired peak current). Parameters must be
optimized for each system due to variations in material properties. Higher peak currents
indicate high-energy sparks. High-energy sparks are apparently more effective in
producing nanoparticles in various material systems.

To observe the effect of varying the capacitance, the maximum peak currents and
spark time durations were recorded for several spark erosion runs in which aluminum
was spark-eroded in various dielectric liquids at various capacitances with an applied
voltage of 200 V. The results are shown in Figure A.10. It can be seen that both the spark
current and time duration increase with the capacitance. In this case, the choice of
dielectric has little effect on these measures (it actually has a large effect on the yield
rate). The results are reasonable because the capacitance determines both the amount of
charge accumulated and also the rate of discharge.

It is observed is that the peak current changes proportionally with the applied
voltage while the spark time duration remains constant. In order to depict this effect, the
totality of spark erosion runs performed for optimization of the MnBi work presented in
Chapter 3 are plotted in Figure A.11 by the applied voltage and capacitance. The sizes of

the circles that represent the run indicates the peak current (left) or pulse duration (right).
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It can thus be seen from the current-based plot that the size of the circles increases with

both increasing capacitance and voltage, which is consistent with what is seen in Figure

A.10 for the aluminum system. However, the sizes of the circles for the time duration plot

increase only with increasing capacitance and not with the applied voltage. This is also

reasonable because an increase in voltage increases the amount of charge accumulated

within the capacitor but not the rate of discharge. The voltage, however, also has a large

effect on the rate since a larger applied voltage allows sparking to occur at larger gaps.

The voltage can thus be changed to adjust the rate and peak currents.
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Figure A.10 The effect of the capacitance on the maximum peak current and spark time
duration when aluminum is spark-eroded in various dielectric liquids. Both increase with
capacitance regardless of dielectric medium.
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Figure A.11 The spark erosion runs for MnBi as functions of applied voltage and set
capacitance with the circle size representing the peak current (left) or spark time duration
(right).

Varying the dielectric affects chemistry, yield rate, and ease of processing. When
spark-eroding in liquid nitrogen or an organic solvent, nitrides or carbides can often form.
The work presented in this dissertation is limited to spark erosion in liquid nitrogen,
mainly for purity, ease of post-processing; it doesn’t produce any nitrides in the
thermoelectric or permanent magnet systems discussed in this dissertation. As discussed
in the previous section, the removal of the cryogenic liquid after spark erosion by
vaporization is perhaps the simplest way of collecting nanoparticles. The yield rate is
influenced by the breakdown voltage of the dielectric. Dielectrics with lower breakdown
voltages should induce more sparks. Table 2.1 shows the maximum peak currents for

various systems when spark-eroded at 200 V and 120 pF in various dielectric liquids.
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Table A.1 Maximum peak currents in amps for various alloys spark-eroded in various
dielectrics liquids when spark-eroded at 200 V and 120 uF. * denotes cryogen.

Al Bi-Sb-Te MnBi Si-Ge
*Liquid Nitrogen 1920 1200 1600 1500
*Liquid Argon 1900 1000 1500 -
Ethyl Alcohol - - 400 -
Distilled Water - 500 - 400
Dodecane 1400 - - 800
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APPENDIX B: MAGNETIZATION EXTRAPOLATION
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Figure B.1 Mst vs Ms for randomly-oriented MnBi samples that were measured from -7
to +7 T showing a linear relationship

We can extrapolate our MnBi data to determine an approximate Ms for MnBi powder
produced with a perfect 80 emu/g MnBi ingot. The missing magnetization can be
attributed to dead layers. To do this, the data in Figure 3.21 is first extrapolated from Mar
to Ms. For MnBi powders measured in 7 T at room temperature, the M-H loop is closed
at 3 T (the bifurcation field is less than 3 T). Therefore, the relationship between M at 3 T
and M at 7 T for isotropic, randomly oriented powders is linear. A linear aggression is
performed in Figure B.1 using powders that have been measured to 7 T to show this
relationship. This can now be used to extrapolate for randomly-oriented MnBi powders

that were only measured in 3 T.
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APPENDIX C: TWO-PHASE CURVES

Since there are many factors to consider when mixing two different phases, a
useful reference is constructed by combining the M-H loops of the constituent phases.
Values from the raw data of several samples (Figure C.1) are interpolated in uniform
field increments so that they can be accurately added in the proper ratios to produce a
theoretical two-phase, non-interacting M-H loop. This can be used to see what a mixture

should look like if there were no interactions.
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Figure C.1 M-H loops of the constituent phases used for reference when modeling the
calculated M-H- loop of a non-interacting two-phase mixture.
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Figure C.2 Experimental mixture of spark-eroded MnBi with 10 wt. % spark-eroded Fe
by ultrasonication in hexane compared to theoretical mixture (dotted) (a) before and (b)
after annealing.

Figure C.2 shows an ultrasonicated mixture of 90% spark-eroded MnBi and 10%
spark-eroded Fe by weight. By comparing these curves with their theoretical
counterparts, it can be seen that they act as non-interacting two-phase mixtures. The
moment in the mixture before annealing is slightly higher than the theoretical mixture
because some crystallization of amorphous MnBi has occurred due to moderate heating
from ultrasonication. In the case of the annealed sample, the theoretical mixture looks
single-phase since the “kink” normally seen when a soft phase is added is subtle enough
to not be noticed. A smooth loop, therefore, is not a good indication of exchange-spring
behavior. When (BH)wmax is calculated for these mixtures, the result is indeed lower than

the constituent MnBi alone.
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Figure C.3 Ultrasonicated mixture of spark-eroded MnBi with 10 wt. % spark-eroded Fe
measured at elevated temperatures showing two-phase behavior.

In order to expand on this point, the same mixture was observed at higher
temperatures in Figure C.3. Since Hc of MnBi is expected to increase significantly while
Hc of Fe is negligible, the non-smooth two-phase behavior can be seen at elevated
temperatures. Because the difference in Hc is large, the kink exists at around the same
field as the anticipated Hc of pure MnBi (Figure 3.44). This can thus be a “litmus” test of
exchange-spring behavior in an MnBi/Fe system — whether the “single-phase

smoothness” is retained at elevated temperature.





