Joints in MgB, Superconducting Coils

K=
—

DOMI
bl NVs
=il i

> 02

o3

%
MINA
TIO
MEA

)

Muslum Guven
St Catherine’s College

A thesis submitted for the degree of Doctor of Philosophy

Supervised by
Chris Grovenor I Susannah Speller

Department of Materials
University of Oxford

Trinity Term 2024



Abstract

Superconducting materials have been utilized for over a century, with applications
expanding in various fields, including Magnetic Resonance Imaging (MRI) systems, which
require highly stable magnetic fields. These systems rely on superconducting coils that
maintain a persistent current to generate stable magnetic fields at operating temperatures
below the material’s critical temperature (Tc). Currently, most MRI systems use low-
temperature Nb-Ti superconductors, cooled to 4.2 K with liquid helium (LHe). However,
the growing demand for such systems has increased helium consumption and costs,
prompting the search for alternative materials. MgB>, with its higher critical temperature (39

K), offers a promising solution for helium-free superconducting magnets.

This thesis presents a method for fabricating persistent joints using monofilament reacted
MgB: wires. The process involves inserting the wires into pre-drilled holes filled with
unreacted Mg+B powder, followed by pressing to ensure close mechanical contact. A two-
step heat treatment is then applied to optimize density, connectivity, and reduce non-
superconducting impurities. The resulting joints demonstrate excellent connectivity,
achieving residual resistances below 1013 Q. Persistent currents of 172 A at self-field and
160 A under a 1 T background field were measured, corresponding to a critical current ratio
(CCR) of 78% at 20 K. These results indicate the feasibility of producing persistent-mode
MgB> magnets operating below 20 K, which could significantly reduce costs for MRI

systems using cryogen-free technology.

Additionally, for the first time in the literature, a superconducting joint has been produced
between Nb-Ti wires using an MgB: filler. A coil fabricated with this joint achieved an ultra-
low resistance of approximately 4.2 x 10™® Q and a trapped current of 7 A under 4.7 K and
self-field conditions. This study highlights the potential of MgB: filler as a non-toxic

alternative to the Pb-based filler currently used in Nb-Ti wire joints.
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Chapter 1 Introduction

1.1 Background and Motivation

The application of superconducting materials has revolutionized engineering, enabling
advanced electromagnets with state-of-the-art wires. Successful wire development depends
on intrinsic properties (like coherence length and penetration depth), microstructure
(including crystal structures and defects), and wire architecture (like 20,000 filament Nb-Ti
strands [1] and Rutherford cables [2]) ensuring stability and cryogen circulation. These
factors ensure efficient operation. Technologically, wires come in single or multifilament
configurations. Multifilament wires bundle multiple filaments for enhanced capacity,

strength, and AC loss control, while single filament wires consist of one continuous filament.

The electromagnets made of superconducting wires find extensive use in-situations
requiring fields over prolonged periods. Notably, they play a pivotal role in critical
applications such as magnetic resonance imaging (MRI) scanners [3], nuclear magnetic
resonance (NMR) devices [4], superconducting magnetic energy storage systems (SMES)
[5], particle physics experiments like the “A Toroidal LHC Apparatus™ (ATLAS) detector
magnet [6], and high-field facilities like those at the National High Magnetic Field

Laboratory (NHMFL) [7].

Superconducting materials sustain stable magnetic fields by generating supercurrents
without resistance. In MRI scanners, precise measurements rely on the "persistent mode"
(PM), where electromagnets function as quasi-permanent magnets. Achieving this involves
injecting a current and closing a superconducting switch to create a closed circuit. If the
circuit has low enough resistance, the current persists, ensuring a stable magnetic field. For
example, a typical 21 Tesla, 900 MHz NMR magnet contains joints with a working current

of 250 A [8], requiring resistance lower than 102 Q for stability [9]. Commercially, joints
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with operational resistances ranging from 102 to 10* Q are routinely fabricated for MRI
magnets using various superconducting materials. Producing these joints requires

establishing a genuinely superconducting current path between the parent conductors.

Expense is the significant consideration in the construction of superconducting technologies.
An estimate of the cost versus operating temperature performance of commercially available
superconducting wires is given in Figure 1.1. The inset shows more detailed prices of MgBo,

Nb-Ti, and NbsSn.

160 = ' ' ; . . : : : .
M- Mg8,
T 20 -B- MgB, - Projected Future - 6 years . .
140 4 A- Nosn /: i
s - neTi - i
12 ' i
3 / i i
120 £ » { eyear projection )
13 — : i
£ S i = H
100 A ¥ v ® -
< ﬂ""'"_'_ M —m Y e
£ = e,
L 80 H o e i (-~ MgB, - Projected Future - 6 years |
£ Operating Temperature (K) | |-@- vBCO
@ 1 ! -@- YBCO - Projected Future - 6 years
L2 50 i |-4- NbSn i
S 1
o ] i -~ NbTi
¢ |
40 | | o
! G-year projection : /
) H v
20 —— :
—
1 !__—_—-—f [ ]
0 ‘LF_'_L | | | | i
T T T T T T T T
0 5 10 15 20 25 30

Operating Temperature (K)

Figure 1.1 Comparison of the cost of the different superconducting wires at 2 T. Data were obtained
from [10]

The pricing information presented in the graph covers temperatures between 4 K and 30 K,
with forecasts suggesting that the prices of Nb-Ti and NbzSn will remain same. Although
Nb-Ti and NbsSn are relatively cheap, they only operate at low temperatures, and to increase
the current carrying capacity are normally operated at 4.2 K or below. In terms of MgB, it
has a wider range of operating temperature (4.2-20 K) but is more expensive (20 $/kAm
maximum) than NbsSn or Nb-Ti. However, it remains cheaper than the commercially

available high temperature materials, YBCO and BSCCO.



Developing effective jointing techniques is crucial for magnetic resonance applications,
especially with the integration of advanced materials like high-temperature superconductors
(HTS) and intermediate temperature ceramics such as magnesium diboride (MgBy).
Challenges in designing reliable jointing processes include chemical compatibility between
wires and filler materials, joint mechanical strength, optimizing heat treatment, and ensuring
reproducibility. Despite some progress, achieving commercially viable jointing methods
remains an ongoing pursuit, potentially impacting the practical deployment of these
materials in real-world magnet systems. Particularly, while many studies have explored
joints for MgB2 wires assembled before heat treatment of precursor wires, there is a notable
gap in the literature regarding joints fabricated after the wires undergo the reaction to form
the superconducting compound. Addressing this gap presents a compelling research
opportunity that could yield novel solutions and advance commercial applications of applied

superconductivity.
1.2 Research objectives of this thesis

The primary aim of this thesis is to investigate and address the critical gap in jointing
techniques for superconducting coils, with a specific focus on jointing already reacted MgB:
wires because this is more suited to commercial magnet manufacture. To achieve this

overarching goal, the following research objectives have been identified:

Understanding the structural characteristics of MgB2: Production of MgB2 bulk samples
was carried out before initiating the manufacturing of MgB: joints. These initial inquiries
predominantly centred around investigating the effects of different ratios of constituents and

various methods of heat treatment on the structural attributes.

Characterization of reacted MgB2 wires: Epoch Wires Ltd., a collaborating partner

situated in Cambridge, United Kingdom, specializes in the production of monofilament



MgB: wires. Before studying the manufacturing of joints, it was necessary to evaluate the
starting wire. Wires were procured in both reacted and unreacted states from Epoch. Initially,
the reacted wires underwent characterization, followed by replicating commercial thermal

treatments and comparing the performance of wires reacted in the laboratory setting.

Production of reacted MgB: joints: To achieve a comprehensive understanding of the
MgB: joint technology available in the market, | carried out the manufacturing of MgB2
joints using Epoch wires and their patented process at their facilities to compare to the

innovative design introduced in this thesis.

Characterization of reacted MgB: joints: The initial goal encompassed performing a
comprehensive characterization of joints fabricated using reacted MgB: wires. This entails
an examination of the joints' structural, electrical, and mechanical attributes, with the
intention of clarifying their behaviour under diverse operational circumstances. This
involves assessing key parameters such as heat treatment procedures, electrical conductivity,

and design parameters.

Coil fabrication with developed joint technology: It is crucial to determine the resistance
of the joint in a coil, particularly when considering its use in applications like MRI scanners.
In this context, the use of persistent mode operation for the joint becomes essential. To

address this need, coils were manufactured using the mentioned joining techniques.

Dissimilar Joint Fabrication Attempts: Using the same jointing strategy, efforts have been
made to form joints between MgB2 and some other advanced technological superconductors,
including monofilamentary Nb-Ti and multifilamentary Bi-2212. A few short joints and

coils were produced, and their characterization completed.



Chapter 2 Literature Review

2.1 Introduction

This chapter provides a comprehensive review of the theoretical foundations of
superconductivity, followed by an overview of MgB:> superconductors. It discusses their
physical and superconducting properties, temperature-dependent synthesis characteristics,
and the effects of doping elements. It covers wire production methods, including recent
advancements and their impact on superconducting properties. Additionally, it evaluates
joint fabrication procedures, coil manufacturing techniques, and related challenges through
case studies. The chapter concludes with an examination of dissimilar joint studies from the

literature.
2.2  Theoretical background

In 1911, Heike Kamerlingh Onnes discovered the phenomenon of superconductivity when
mercury's resistance vanished below a critical temperature [11]. This breakthrough led to
the exploration of numerous elements and compounds, resulting in the discovery of new
superconducting materials. These discoveries paved the way for the development of various
small and large-scale superconducting technologies. Small-scale applications include
superconducting quantum interference devices (SQUID) [12], SIS photon detectors [13],
rapid single flux quantum circuits [14], and quantum qubits [15]. On the other hand, large-
scale applications encompass Nuclear Magnetic Resonance (NMR) [16], Magnetic
Resonance Imaging (MRI) [17], magnets for the Large Hadron Collider [18], and
superconducting electric motors [19]. Some of the key superconducting materials used in
these applications include Nb-Ti, NbsSn, Bi.Sr.CaCu.0sg, YBa>Cu3O7, and MgB., which
can be employed in various forms such as films, wires, bulks, and tapes. Table 2.1. provides
examples of how these materials may be utilized in different applications. In large-scale
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applications like MRI, the very high field stability has driven the need for systems based on

superconducting magnets [9] without power supplies.

Table 2.1 Some superconducting material options for different applications.

Superconducting Material Application Form Ref.
-Magnetic Resonance Imaging Magnets -Wire [20]
Nb-Ti
-Large Hadron Collider -Wire [21]
-Fusion Research Magnets Wire [22]
Nb3Sﬂ

-International Thermonuclear Experimental .
Reactor (ITER) Wire [23]
-Solid-State Terahertz sources -Film [24]

BiszzCﬂCUzOs

-High Field Magnets -Wire [25]
Bi»Sr,CazCusO1o -Current Leads -Tape [26]
NbN -Single-photon optical detectors -Film [27]
-HTS microwave Filter Technologies -Film [28]

REBa,;Cu307 .
-DC Power Cables -Film [29]
-Fault current limiters -Wire [30]
-Bolometers -Film [31]

MgB: .
-MRI -Wire [32]
- Leads for High Luminosity Upgrade LHC -Wire [33]

After the required current is set, the power supply is removed from the system and the device
continues to operate as long as it is cooled below T [34]. The ability to operate for years
with a single installation is critical in hospitals that do not have expert cryogenic or magnet
system engineers. One important consideration is that even a persistent-mode magnet has a
slight circuit resistance, which causes field decay at a rate given by the formula derived from

modelling it as an inductor (L) and a resistor (R) circuit below.



I(t) = Ioe_L_Rt (2.1)

where I(t) is the current at time, t, I, is the current at t=0, R is the overall circuit resistance,
and L is the self-inductance which depends on the coil geometry. If the resistance value is
zero, there is no energy dissipation and the current will remain the same. However, if there

is a finite resistance, R, in the system, the current will slowly decay [35].
2.3 Basic theory of superconductivity

During the early 1900s, there was no precise theory addressing the impact of temperature on
the resistance of metals. Heike Kamerlingh Onnes's breakthrough achievement in liquefying
helium in 1908 marked a significant advancement in this research. In 1911, Onnes conducted
further experiments to explore the effect of temperature on resistance. Using mercury for its
ease of purification, he discovered that its resistance abruptly vanished at a temperature of
4.2 K [11]. This discovery led to the classification of materials exhibiting this unique
electrical property as superconductors, with the temperature at which resistance disappears

designated as the critical temperature, Te.

2.3.1 Meissner effect

In 1933, Meissner applied a magnetic field to superconducting materials, and observed that
the material expelled the magnetic field [36]. He also noticed the magnetic field was not
expelled when the applied magnetic field increased beyond a specific value. This point was
named as the critical field, H. and is related to temperature in conventional superconductors

by the equation;
T 2
H,. = Hy [1 - (;C) l (2.2)

where H, is the critical field at 0 K.



Above the transition temperature, the normal region exhibits no critical field (H.=0) and
experiences complete penetration of an applied magnetic field. As the superconductor
undergoes cooling below the transition temperature, the critical field gradually increases
towards its maximum value Ho. The specific temperature dependencies of H.(T) and related
parameters like the penetration depth, A(T), which describes how far an applied magnetic
field may enter a superconductor, and the coherence length, £(T), which indicates that at the
interface between the superconducting state and the normal state, the concentration of
superelectrons increases gradually over a finite length scale rather than suddenly. Ginzburg
and Landau recognized that the ratio between the coherence length and the penetration depth
affects the nature of superconductivity, leading to the introduction of the Ginzburg-Landau

parameter, «;

K= (2.3)

A
S
They classified superconductors in terms of «. If the k value of a superconductor is < iz ,

1

the material is a Type | superconductor, otherwise if, k > =,

it is a Type Il superconductor.

In Type | superconductors ¢>> A, but in the Type 11 superconductors, A>> ¢[37].

2.3.2 Type | and Type Il superconductors

After Meissner’s theory about H,, it was also discovered that while Type I superconducting
materials exhibit complete loss of superconductivity abruptly at H,., Type Il superconductors
have two critical fields, H.; and H,,. Figure 2.1 shows that, while Type | superconductors
exist only in a narrow range of magnetic field, in Type Il materials superconductivity
typically exists up to much higher magnetic fields. Type Il superconductors exhibit the
Meissner state (complete flux exclusion) up to the lower critical field (H.,). Magnetic flux

begins to penetrate the superconductor at fields above H.; as discrete, quantised flux lines



within the superconducting matrix. When a superconducting material is exposed to an
external magnetic field, denoted as H.; as illustrated in Figure 2.1b, it maintains its

superconducting properties until it reaches a critical threshold known as H_,.

(b)

Type 11

Normal
Hc

Mixed state
Hel

Te T 0 Te T

Figure 2.1 The difference between Type | and Type Il superconductors. Reprinted from [37]
(Copyright © 2015 John Wiley & Sons, Ltd)

This phenomenon is characteristic of Type Il superconductors exclusively. The magnetic
field range between H.; and H., is referred to as the irreversible field, denoted as H;,,-.
This is also known as the mixed state (also called the Shubnikov phase), shown
schematically in Figure 2.2. As the field is increased further, the flux line density increases,
and the upper critical field (H,,) is reached when the non-superconducting flux line cores

touch and the material becomes completely normal [37].

Figure 2.2 Illustration of Shubnikov Phase. Reprinted from [37] (Copyright © 2015 John Wiley &
Sons, Ltd)

In the Shubnikov phase, circulating supercurrents flow around the magnetic flux lines, which

are also called Abrikosov vortices or fluxons.
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2.3.3 Flux pinning

When we have a current moving from the left to the right, the positive J direction (Figure
2.2), this movement generates a magnetic field B, and a magnetic force called the Lorentz

Force, FL. These are aligned as shown in Figure 2.2. The Lorentz Force can be calculated;

F,=Bx] =N®,x ngd (2.4)

where N is the number of flux lines per unit area, n is the density of superelectrons, @, is
the single quantum of flux going through each flux line, v is the velocity of superelectrons,
and q is the charge of the superelectrons. There is no pinning force in perfect (undoped,
perfect crystal with no defects) Type Il superconductors that can resist Fi, so these vortices
are constantly in motion. Since each flux carries electrons at velocity v, an electric field E

is induced;

E=Nox®,=0xB (2.5)

This formula explains that flux line motion creates an electric field, E, that causes the
material to lose its zero-resistance property. This mobility, which creates resistance in a
perfect Type Il superconductor, must be minimized in materials for practical applications.
The I, of a Type Il superconductor is the current that can be carried before resistance is
introduced, and therefore engineering the microstructure to make it difficult for flux lines to

move will lead to an increase in ..

Normal
«— cores >

\L Superconducting

Region
Normal
particle

Figure 2.3 Simple explanation of the pinning mechanism.
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There are several ways to stop this movement and this process is called flux pinning. The
core of the vortices containing the magnetic flux lines are small volumes of normal material
with a free energy higher than the surrounding material. A normal particle put in the middle
of the flux line, showed as the blue particle in Figure 2.3, reduces the total free energy of
the system because it is already in the normal state and reduces the total volume of
superconductor that has to be turned normal to create the flux line core. That is the
mechanism for flux pinning where flux lines are trapped in a potential well created by
crystalline defects in the superconducting material. Many defects can contribute to

generating the pinning force, as shown schematically for an YBCO thin film in Figure 2.4.

o In-plane misoriented grains Threading Surface roughness or
Precipitates Twin boundaries and grain boundaries dislocations a-axis grains
o P 5 e B
iR q‘ﬂﬂn\tﬂ N Y8CO
= . c-axis
L “oyd _
A N
A
\vacn P
a b .
\—r b
o~O
. Substrate T —
T
Out-of-plane  Voids /
Planar defects, misoriented Anti-phase
] Point defects for example Misfit dislocations grains domain boundaries
N stacking faults
4

Figure 2.4 Some pinning mechanisms in YBCO. Reprinted from [38] (Copyright © 1969, Springer
Nature Limited)

When the pinning force Fp exceeds the Fi, the vortices are pinned at 0 K and the total
resistance becomes zero. At higher temperatures, however, there is a small probability of
thermal activation of a flux line unless pinning is very strong which enables the pinned
vortices to move and again generate resistance. This mechanism called thermally activated

flux flow or flux creep.
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2.4  Performance of technological superconductors

Figure 2.5 compares the engineering critical current densities of various technological
superconductors, plotted as a function of the applied magnetic field at 4.2 K [62—65]. This
comparison focuses on the entire wire rather than just the critical current density (Jc) of the
superconductor itself. Despite demonstrating the lowest Jo/B performance in the graph,
MgB: showcases greater suitability for specific applications compared to other materials,
particularly in lower field applications (<5 T), owing to its relatively lower cost as given in
Figure 1.1. Additionally, the cooling expense is relatively lower for MgB2 compared to Nb-

Ti and NbaSn, thanks to its higher Te.
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Figure 2.5 JJ/B performance of technical superconductors at 4.2 K [43].

The versatile applications of MgB: include its use in poloidal coils within fusion reactors
[44], low-field coils for MRI [45], the development of test coils for low-field magnets up to

3 T [46], power transmission cables [47] and power generation [48]. However, this plot only
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illustrates the J. properties of superconductors at 4.2 K. Referring to Figure 2.6a-b, it is
evident that the irreversibility line and upper critical field of MgB> surpass those of low-
temperature superconductors (LTS) at elevated temperatures. This renders MgB:>

particularly advantageous for operations, especially at higher temperatures (39 K> T > 4.2

K).
l | T
a) i ‘ LHe LN, b)
L
-1\
° :
° E
o 3 il
0 L
°
[
o i
@
= New Frontier -
40 60 80 100 20 — £ 0
Temperature (K) Temperature (K)

Figure 2.6 a) Variations in irreversibility fields with temperature differ among technological
superconductors like HTS, MgB. and alloys. Reprinted from [49] and b) upper critical field (4.)
versus temperature for MgB; films, bulk Nb-Ti, and bulk NbsSn are depicted. The triangular and
square data points represent MgB. with the test sample's ab planes oriented parallel (/) and normal
(1) to the field, respectively. Dashed vertical lines mark the normal saturation temperatures of

liquids: helium (LHe), hydrogen (LH>), and neon (LNe). Reprinted from [50] (Copyright © 2006,
IEEE)

2.4.1 Physical properties and characteristics of MgB:

MgB: has been known since the 1950s and became the centre of attention among the
superconducting community after the discovery of its superconducting properties below 39
K by Nagamatsu et al. in 2001 [51]. MgB: has a hexagonal crystal structure, shown in Figure
2.7, with lattice parameters a=0.3086 nm, ¢=0.3524 nm. The layer of B atoms has strong
covalent bonds, while the bonding between the boron and magnesium layers is metallic [52].
Moreover, MgB, is a Type Il superconductor and its conventional superconducting
behaviour can be explained by the Bardeen-Cooper-Schrieffer (BCS) theory [35].
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Figure 2.7 The crystal structure of MgB, (adapted from [51], Copyright © 2001, Macmillan
Magazines Ltd.)

Additionally, the alternating structure of magnesium and boron layers causes anisotropic
properties [51]. Due to this anisotropy, the upper critical field depends on the orientation of

the magnetic field relative to the crystallographic directions.

Hinks et al.[53] investigated the magnesium isotope effect in 2MgB; and 2*MgB: using
isotopically pure samples. The observed difference in critical temperatures was only 0.1 K.
This minimal effect implies that the coupling of Mg electrons is predominantly influenced
by phonons in the B planes, suggesting MgB. behaves as a conventional metallic
superconductor. The elevated critical temperature of MgB: is attributed to the high phonon

frequencies arising from the low atomic mass of boron.

However, MgB: exhibits more intricate physical properties than simple metallic
superconductors due to the presence of two superconducting energy gaps. The highest
occupied electronic states at the Fermi level primarily consist of o or m-bonding boron
orbitals [52, 54, 55]. A distinctive characteristic of MgB: is the incomplete filling of the two
o-bands, where electrons of the o-bands are confined within the boron planes. The electrons
from boron p; orbitals fill two three-dimensional metallic -bands. The non-bonding boron
7 bands have a lowered energy compared to the bonding boron ¢ bands, resulting in charge

transfer from the o- to m-bands and the formation of hole-doped o-bands.
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Band calculations indicate that the superconductivity in MgB: is predominantly governed
by the holes in the o-bands [54]. The o-band states and the in-plane vibrations of the boron
atoms exhibit strong coupling, leading to robust pairing with an energy gap of approximately
7 meV [55]. This strong pairing, confined to the boron planes, only occupies certain regions
of the Fermi surface. Additionally, weaker electron pairs are formed by the -band electronic
states on the remaining portions of the Fermi surface, with an associated energy gap of

approximately ~2 meV [55].

Some physical properties of MgB: are given in Table 2.2. In pure MgB., the upper critical

field parallel to the ¢ axis can reach 3 T, but perpendicular to the ¢ axis it can reach 15-20T.

Table 2.2 Physical properties of MgB:

Feature Value Ref.

Te 39 K [51]

Coherence length, & 35+10 nm [56]

Coherence length, gap 39+11 nm [56]

Penetration depth, Aap 100 £+ 35 nm [56]

Penetration depth, Ac 120£15 nm [56]

Electron mean free path, | 60 nm [57]

Upper critical field He, clean, (1 >> ¢) 16T [57]
dirty, (I <<g) 50T [58]

Irreversibility field Hir, clean 7T [57]

dirty 15T [57]

Lower critical field He 30 mT [57]

Critical current density Jc clean, 5K, Self-field 5x10% A cm [57]
Critical current density J. clean, 5K, Self-field, dirty | 1.4x10” Acm™ [59]

If the MgB: is ‘dirty’ (doped with chemical impurities) these values can be increased to 50-

70 T in MgB: films [66—69].
15



2.4.2 Connectivity properties of MgB>

Rowell [64] showed high electrical resistivity in polycrystalline MgB: at above T, of MgB..
Typically, in the normal state, if an MgB2 sample exhibits high resistivity owing to intrinsic
defects that scatter free electrons, its T¢ should be lowered through alterations in the electron-
phonon interaction [65]. However, impure MgB> samples with optimal T¢ and very high
resistivity (~100 Qcm) have been observed [66], much higher than single crystals [67].
Normal state “connectivity” reflects typical resistance in polycrystalline materials,
influenced by intrinsic resistance and additional resistances from the microstructure, such as
grain boundaries and defects like MgO. This connectivity dictates overall resistance [68].
Impurity scattering minimally affects temperature-dependent resistivity due to electron-
phonon interactions, so normal state connectivity K can be characterized as [68]:

A
K=—" (2.6)
Apsingle

where 4p is the resistivity difference between the resistivity values at 300 K and 40 K and
Apsingie 1S the ideal resistivity of a single crystal MgB2 which is 4.3 uQcm as measured by
Eltsev et al. [67] and Rowell [64]. Matsushita et al. [69] illustrated that the variation in the
phonon-related resistivity, denoted as Ap, can be explained through utilization of the three-
dimensional site percolation model. This understanding was derived from assessments of
the normal-state conductivity performed on MgB2 bulk samples, where packing factors were
deliberately adjusted, as documented by Yamamoto et al. [70] and Matsushita et al. [69].

1— P2

= (CLP)Z — Pcz Apsingle (27)

Ap

P represents the packing factor of a MgB2 sample, with P = 0.3117 denoting the critical

packing factor for a three-dimensional cubic site percolation system, while ‘@’ signifies the
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proportion of grains not covered by insulating barriers. This suggests that inadequate
packing density and insulating phases at grain boundaries are the main factors reducing
electrical connectivity in MgB». Therefore, improving microstructure densification and
ensuring well-connected, uncontaminated grain boundaries are crucial for enhancing MgB:

connectivity.

In contrast to high temperature superconductors, it was also found that grain boundaries in
MgB: do not inhibit supercurrent and the conductivity owing to the longer coherence length
of MgB:2 [71]. As a result of this finding, it is not necessary to create materials with a strong
crystallographic texture to achieve high current densities. Therefore, the industrial
manufacture of MgB: is potentially much easier than other superconducting materials like

REBCO [37].

2.4.3 Thermodynamic properties of MgB: during the synthesis

Figure 2.8 shows the Mg-B phase diagram under 101.325 kPa (1 atm) pressure. The diagram
indicates decomposition temperatures of 1174°C for MgB2, 1273°C for MgB4, and 2509°C
for MgB7. The melting point of Mg is 650°C, with a boiling point of 1090°C, while boron
has a melting point of 2050°C. Synthesizing MgB: would present significant challenges if
it required reacting them at the respective melting points of both elements. The literature
provides both upper and lower bounds for the formation enthalpy at 298 K for MgB:

expressed as —51.97 kJ/g-mol < A H3gg <—17.17 kJ/g-mol and for MgB4 as —21.0 kJ/g-mol

< ArHJog < —14.39 kJ/g-mol [78-80] which makes the MgB, more stable.
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Figure 2.8 The Mg-B binary phase diagram at 1 atm pressure [72] (Copyright © 2008 Elsevier B.V)
However, it is known that the 4;H2og value of MgO is about -601.6 kJ/mol [73] which

makes the formation of MgO more favourable than that of MgB2 [75]. This underscores the

necessity of a protective atmosphere during MgB: synthesis.

Boron and magnesium exhibit starkly contrasting physical characteristics. While boron
remains largely inert at temperatures below its melting point, magnesium begins to
evaporate even prior to reaching its melting point [76]. Due to magnesium's low melting
point and propensity for evaporation, the formation and stabilization of MgB2 necessitate

precise control over the partial pressure of magnesium.
2.4.3.1 MgO presence in MgB2 during the production

Some studies have observed that MgO is easily formed in MgB2 samples [83-85]. Excess
MgO may result from powder contamination before reaction or oxygen presence during heat
treatment. MgO can integrate into MgB> in various forms: as nanometre-sized coherent
MgB2>—xOx precipitates within the grains [80], as MgO particles within the grains' interior
[81], as BOx—MgO,—BO; layers between the grains [82], or as MgO layers [83]. While

coherent nonstoichiometric precipitates and MgO particles within the MgB2 matrix enhance
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flux pinning, leading to higher Jc [84], MgO layers at grain boundaries decrease Jc due to
reduced connectivity [85]. Oxygen-rich MgB: thin films containing nano MgO particles
have shown improved Hc. and Jc values [86]. Singh et al. [87] conducted a comprehensive
study on the impact of oxygen doping on MgB, investigating its effects on properties such
as T¢, Je, connectivity, and Hc, as shown in Figure 2.9. The study involved in-situ
incorporation of oxygen into MgB: films through vacuum annealing of magnesium-rich
films. The relationship between oxygen concentration and Te¢, A,, and Apo,corrected SUJQESES
that oxygen is distributed within and between the grains of the films. Apo,corrected, Obtained
through Rowell analysis [64], corrects for residual resistivity by deriving intragrain

resistivity values, removing the influence of intergrain connectivity.
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Figure 2.9 Variations in T¢ (a), 4p and Apocorrected (0), Jc (), and (d) dH¢. /dT near T, as a function
of oxygen concentration in MgB: films are depicted. Dashed lines are included as visual aids and

do not stem from analytical fits to the data. Reprinted from [87] with Copyright ® by AIP Publishing.
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Notably, the corrected resistivity, T (Figure 2.9a), and A, (Figure 2.9b) show no significant
changes beyond an oxygen concentration of 7%. The exact reason for this phenomenon
remains unclear. However, it is proposed that additional oxygen primarily leads to the
coarsening of existing particles within and between grains, rather than creating new defects.
Consequently, minor alterations in scattering and associated electrical properties occur.
Despite this, Jc is largely unaffected by excess oxygen (0.65%), maintaining a value of
1.5%10%° A/cm? at 0 T and 4.2 K across all samples (Figure 2.9¢). This stability in Jc is
attributed to the potential increase in effective pinning centres from oxygen being offset by

reduced connectivity and increased grain size.

The rate of change of the upper critical field (dHc/dT) near the T increases with higher
oxygen concentration but significantly decreases after oxygen concentrations exceed 7%.
The dependence of dHc2/dT suggests a stronger effect of oxygen on Hc2 when the magnetic
field is parallel to the ab plane, attributed to the texturing in the films. Transmission electron
microscopy studies reveal columnar grains oriented along the (0001) direction, indicating
that increased oxygen concentration enhances grain texturing and influences the

superconducting properties of the films.
2.4.3.2 Thermal decomposition of MgB:

Brutti et al. [88] investigated the decomposition reaction of MgB2. They identified the

reaction as;
2MgB2(s) — MgBa(s) + Mg(9)

by comparing experimental data on the decomposition of MgB> under both kinetic and
thermodynamic conditions, as well as examining the vaporization coefficient of MgB2 and
the activation enthalpy and entropy of the reaction. They reported that MgB> has a small,
slightly temperature-dependent vaporization coefficient of a,, 1900 x = (5.9 £ 1.0) x 1072
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The activation enthalpy for the high-temperature decomposition of MgB> was determined
to be Ay Hig1ox = 266 + 5.6 kmol™ which can be compared to the measured equilibrium

decomposition enthalpy of A, H,, = 239.1 4+ 5.6 kJ mol ™,

Dancer et al. [89] investigated the effect of the heat treatment temperature on the density of
ex-situ MgB: bulks produced by pressure-less sintering. The density changes of the samples
were provided in Figure 2.10. They claimed that this fluctuation may be attributed to the
density change caused by MgBs formation during heat treatment after magnesium

evaporation.

34
“ |
=2
5 1- {
g . I -
S 0 I i T T T T 1
2 0l 200 400 600 w0 [ 100 1200
[ = Y -
o -1 [
o 1 i
1 1l
2 I"
3 } 1

Heat Treatment Peak Temperature (°C)

Figure 2.10 Density change versus Heat treatment of pellet MgB, reprinted from [89] (Copyright ©
2008 Elsevier Ltd.)

Sintering temperatures between 900-1000 °C are generally preferred in ex-situ PIT wire
production for two reasons: (1) at higher temperatures decomposition of the MgB: starts and
reactions between the outer layers and the core can become more severe [90], (2) at lower

temperatures it is not possible to achieve densification [91].

In the first scenario, it is demonstrated that the primary impurity phase in ex-situ heat-treated

(>800°C) MgB2 wire is MgO [92], with additional phases such as MgB4 [93] and the non-
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stoichiometric phases MgB4+s and MgBy7+5 [94] being detected in ex-situ samples following

heat-treatment, as also depicted in the phase diagram in Figure 2.8.

In the second scenario, potential reactions between MgB: and the sheath material create a
non-superconducting layer, reducing the superconducting cross-sectional area [95]. Such
reactions can also decrease Mg in the core, forming B-rich compounds like MgB4 [93] and
MgB- [96]. Kario et al. [99, 97] studied the influence of heat treatment temperature on the
efficiency of the ex-situ MgB:2 and the copper sheath and found that heat treatment at 750°C
resulted in minimal Mg-Cu reaction and optimal MgB2 content (90 wt%), with 9 wt% MgO
and 1 wt% Mg-Cu. At 800°C, MgB> content dropped to 88 wt%, with increased MgO (10

wit%) and Mg-Cu (2 wt%), mainly forming on the copper sheath side.

2.4.4 Effect of impurity addition on the superconducting properties of
MgB:

In order to improve the superconducting properties of MgB», impurity atoms like carbon
play a key role. Substitution of B by C [103-112] has two effects. The primary one is a
substantial increase in Hc (by substitution of B atoms by C, often called a doping effect)
which allows operation in higher magnetic fields, and strain of the crystal lattice (or the
introduction of normal state impurity phase nanoparticles) which helps in the reduction of

flux motion , thus enhancing Jc and values.

Dou et al. [107] substituted B atoms with C using carbon nanotubes as C source and showed
an enhancement in Jc to 10* A cm™ at a relatively high field, 4 T, 20 K. In another study,
Kodama et al. [108] used coronene (CzsHi2) as a carbon source in their MgB. wire
manufacturing process and obtained relatively high Je, 14.7x10° A cm? at 20 K and self-

field. Choi et al.[109] have used pyrene (CieH10) to increase Je of their MgB2-x(CieH10)x16
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and MgB2(C1sH10)x16 Wire. The field dependence of J. values with regards to the x value is

given in Figure 2.11.
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Figure 2.11 J. versus Magnetic Field of MgB:.x(Ci6H10)x16 and MgB2(CisH1o)x16 Wires at 4.2 K
reprinted from [109] (Copyright© 2021 Elsevier B.V.)

Carbon is not the only the impurity addition element that can alter the properties of MgB..
Dy»03 [110], SiC [108, 116-120] and AIN [116] have been used to enhance flux pinning.
In SiC doping, two effects are observed in [103]: firstly, the substitution of B by C leads to
an increase in Hcz, and secondly, the reaction of Si with Mg results in the formation of nano-
particle Mg»Si, which acts as pinning particles to enhance Je. It is worth noting that particle
size plays a critical role; it is claimed that smaller SiC or Si particles yield smaller Mg2Si

particles and stronger flux pinning.

Moreover, SisN4 addition [117] was used to increase the Jc which is attributed to slight Si
substitution for B leading to lattice distortion by solid solution substitution. Such substitution
may have taken place in the nano-doped samples, given the slight elongation of the lattice
parameter. Additionally, introducing more than 1% nanoparticles could only result in the

introduction of impurities.
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2.5 Production methods for MgB: wires

The hardness of boron and MgB: prevents plastic deformation during wire drawing or
rolling, necessitating the use of powder metallurgy in MgB2 production. Optimal transport
properties in MgB: wires depend on high purity, doping, and small particle sizes. Vinod et
al. [118] demonstrated that larger Mg particles reduce reactivity with B, leading to a less
homogeneous MgB, microstructure and lower J.. However, acquiring submicron Mg
particles smaller than 1 um is costly and hazardous, while pure nanoscale boron powders
also pose considerable challenges in terms of production, handling [119] and cost [120].
Consequently, industrial MgB2 wires often exhibit slightly lower J. compared to those made

with theoretically pure powders due to practical constraints.

Due to the strong covalent bonding and high Peierls stress [121], borides, especially AlB»-
type borides like MgB., are brittle and difficult to sinter and deform [122]. Even with its
brittleness, MgB2 can be made into both mono-filamentary and multi-filamentary wires (see
Figure 2.12) using various production technologies such as powder-in-tube (PIT)

processing and the variation called internal Mg diffusion (IMD).

Superconductor
powder

CuNi alloy

MgB,

Copper Niobium Steel Ti

Figure 2.12 Cross section image of a) multifilament [123] (Copyright© The American Ceramic

Society) and b) monofilament MgB; wires
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The PIT method for MgB: wire production encompasses both in-situ and ex-situ processes,
each with distinct advantages and drawbacks. In the ex-situ process, pre-reacted MgB:
powders are utilized to fabricate the wire, followed by a sintering step to form a continuous
superconducting path. Conversely, the in-situ approach involves creating a wire from
elemental Mg and B powders, which are then reacted to generate the superconducting phase.
While both methods are suitable for large-scale applications due to their simpler heat
treatment and forming procedures compared to the IMD method, which involves the reaction
of an Mg rod with surrounding B powders, the in-situ process struggles to achieve high Jc

values due to void formation during heat treatment [124].

Figure 2.13 illustrates the typical microstructure of MgB2 wires prepared ex-situ (a-b) and
in-situ (c-d) via the PIT method, after heat treatment at 950°C for 3 hours [125]. In-situ
MgB: (Figure 2.13c-d) shows intrinsic volume change, with the reactants’ volume

exceeding that of the product, leading to void formation.

method [125] ((Copyright© 2003, IOP Publishing). The magnification for images a-c is 30 um, and

for images b-d, it is 10 um.
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Conversely, in ex-situ MgB> (Figure 2.13a-b), the product's volume is nearly the same as
the initial reactants, preventing void formation. The important drawback of the in-situ
process is the low resulting density (described as the packing factor, P) which is determined

by the intial packing factor, P;, and the reduction in volume during reaction.

P =P;(1 - A4v) (2.8)
where P; is packing factor of the precursor powder after wire production, 4v is the volume
reduction [108]. This fractional volume reduction is about 4v=0.25 [126] for MgB: because
the mass density of the preliminary Mg+2B mixture is considerably lower than the final
product MgB.. Therefore, this phase transformation causes low density and porous

microstructures that compromises the macroscopic current density [125].

In order to prevent the low density caused by voids, applying external high-pressure and
different heat treatment procedures during MgB: production [132-134] have been carried

out, as explained in detail in the following sections.

2.5.1 In-situ wire production processes using PIT

Typically, monofilamentary MgB: wire is manufactured using the PIT method, outlined in
Figure 2.14a[130, 131]. This process involves pouring Mg and B powders into a cylindrical
tube, with variations in tube diameter across different studies. To enhance superconducting
properties, doping elements are often incorporated into the initial powder mixture. Jiang et
al. [130] investigated the impact of monofilamentary MgB> wire diameter on Jc and they
suggest that increasing the deformation rate from pre-annealed wires to final wires resulted
in a higher density of MgB: core. In the manufacture of multifilamentary MgB: wire, a
common method involves packing unreacted Mg+B powders into tubes containing a
chemical barrier material such as Ti or Nb. These tubes are then stacked inside a larger tube

typically made of steel or Monel, filled with a Cu matrix as illustrated in Figure 2.12a.
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Husek et al. [131] fabricated multifilament MgB: wires using a stainless-steel tube with an
outer diameter of 8 mm and an inner diameter of 6 mm, incorporating a Ti barrier. These
wires were drawn to an outer diameter of 0.86 mm and heat-treated under to investigate the
effect of the temperature on the reaction between layers and the Jc values of the wires. Their

findings revealed a Jc of 2.2x10* A cm at 800 °C for 0.5h, compared to 1.45x10* A cm™

at 600 °C for 2.5h.

In situ powder-in-tube (PIT) process

Mg powder B powder Doping
a) powder

Mg + B +DP

Drawi
powder Cutube Ti tube ing

MgB,/Ti/Cu wire d = 1.15 mm

Stainless steel tube
d,=8mm

Groove rolling d;=6mm

[ V

Drawing !

MgB,/Fe wire d = 1.45 mm .
. i Drawing
600°C, 15 min Flowing Ar
Drawing

MgB,/TVCu wire
d=1.15mm

MgB, 19-core wire, d = 0.86 mm
MgB,/Fe wire d = 1.1 mm l

i

Final heat treatment
600°C, 1 h, flowing Ar Heat treatment at 800°C, 0.5 h, Ar

(a)

4 In situ MgB, wires
Fe/MgB, + SiC tape and tapes
%, Blc P
\

b)

Fe/MgB, tape
100000 |

Fe/Mg, B,
tape B Lc

jo!/Acm2

10000

1000
0

(b) BI/T

Figure 2.14 a) Manufacturing process of in-situ wire [130,131] and b) current density vs applied

magnetic field of some in-situ processed MgB, wires and tapes at 4.2 K [64] (Copyright IOP
Publishing).

Notably, achieving good grain boundary connectivity at relatively low temperatures,

typically between 600-650°C, helps avoid potential reactions between the outer layer and
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the superconducting core with barrier layers such as Fe, Ti, Nb, Ta, and Ni. This allows for

thinner barrier layers, positively impacting cost considerations [37]. In Figure 2.14b, it is

seen that the engineering Jc values of multifilamentary (MF) MgB: wires are higher than the

monofilamentary versions (mono-core wires).

Monel/Nb sheathed monofilament MgB:>

wires have exhibited one of the best results, achieving a J. value of 10* Acm?at 13.2 T and

4.2 K [132]. The doping element was C and they used malic acid (C4HsOs) as a source.

Table 2.3 summarizes literature findings on in-situ PIT method for wire production. Doping

materials, mainly C from various compounds, are commonly used to enhance Jc.

Table 2.3 Some in-situ PIT wire production studies in the literature.

Ref Heat Sheath S Process Filament Je Test
" | Treatment | Material Type Alcm? Environment
Groove
600 °C - 15 .
[130] Min Fe 100/;';""”0 R(;::jng Mono | 0.88x10* | 42K-10T
+600°C-1h .
drawing
pary | 00°C30 | S@nless | ggigic | Drawing | Muli | 22x10' | 42K-8T
min Steel
10° 10K-6.1T,
o . 108 15K-4.8T,
[133] | 600°C 24 h Fe C Drawing Mono 10° 20K -33T
2.7x10° 42K-6T
Groove
rolling
[134] | 650°C2h Fe 3.75% C and die Mono 1.82 x 104 42K-10T
drawing
4.5%-
[135] | 600°C1h Fe carbon- Swaging Mono 1.1 x 10 42K-10T
coated boron
Groove-
rolling
[136] | 650°C1h Fe Xylene and Mono | 63x10° | 42K-10T
cassette
roller
drawing
C-
0 encapsulated
[137] 700mii 20 Monel amorphous Drawing Mono 8 x 104 42K-10T
boron
powder
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Fe is favoured as a sheath material for its ease of shaping, cost-effectiveness, and resilience
under harsh conditions. Among studies conducted under identical conditions (4.2 K, 10 T),
[137] achieved the highest J; value. They used C-encapsulated amorphous boron powder as
a B source and Fe as the outer sheath, with a heat treatment temperature of 700°C for 20
minutes. The superior Jc is attributed to reduced porosity and denser structure achieved
through Cold High-Pressure Densification (CHPD) and Hot Isostatic Pressing (HIP).
However, the complex manufacturing process and high energy consumption warrant cost-
effectiveness evaluation, despite MgB>'s potential for cost reduction compared to other

technological superconducting materials.

2.5.2 Ex-situ wire production process via PIT

In Figure 2.15a, unlike in-situ routes, the process starts with already reacted MgB» powder
and the rest of the process is similar to the in-situ process but the heat treatment comprises
sintering processes rather than a reaction. The ex-situ method using pressure-less sintering
typically yields a higher bulk density of around 75% resembling the close packing of rigid
spheres. However, research indicates that grain connectivity in ex-situ MgB: bulks and wires
is inferior to that of in-situ fabricated MgB> samples [138]. This disparity is ascribed to
weak-links and poor particle-particle connectivity persisting even after sintering at
temperatures reaching approximately 1100°C [89]. Ex-situ wires are typically subjected to
heat exceeding 800 °C to optimize their superconducting characteristics. Braccini et al. [139]
assert that a high heat-treatment temperature is essential for allowing the ex-situ MgB2 wire
to recover from cold work and regain its high Tc. In their study, they fabricated a range of
Ni-Cr alloy-sheathed wires annealed at peak temperatures ranging from 200°C to 950°C.
They observed that both T. and the Jc under low magnetic fields (H < 5 T) increased with

higher heat-treatment temperatures.
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Figure 2.15 a) manufacturing process of PIT ex-situ wires [140, 141] and b) current density vs
applied magnetic field of some ex-situ processed MgB, wires and tapes at 4.2 K [37] (Copyright IOP

Publishing).

Fuji et al. [142] observed that heat-treating ex-situ stainless steel and iron-sheathed wires
below 700 °C for 30 min did not notably enhance their performance in terms of Jc. However,

heat treatment above 800 °C 30 min significantly improved Jc performance (more than ten

times that of 700 °C).

Table 2.4 illustrates various ex-situ PIT MgB2 wire production studies. The challenge of
choosing the best process arises from the differing test environments, complicating the

comparison of J; values. Generally, these studies have employed Ni or Fe-Ni-Co alloys as

(b)

6 8 10 12
B/T
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ferromagnetic sheath materials. Notably, Ni has demonstrated resilience to elevated
temperatures, crucial for the efficient sintering of ex-situ MgB> wires. However, in [143],
no thermal treatment was applied after the ex-situ MgB. powders were tightly packed inside
the Ni sheath and subjected to wire drawing. Presumably the intimate mechanical contact

achieved between the MgB: particles generated a significant Jc even without sintering.

Table 2.4 Some ex-situ PIT wire production studies in the literature.

Heat S | 3
. Fi ¢ T
Ref, | Treatment | Sheat Doping Process Hlament Test
Material Type Alcm? | Environment
(under Ar)
[143] unsintered Ni - Cold rolling mono 10° 4.2 K, self field
[144] 900 °C Ni - Cold rolling mono 10° 20K, 1T
o Fe-Ni- .

(53 | 2°0°C.80 | FeNi-Co Swagingand | o 10° 42K,5T

min alloy 2-axial rolling
[145] | 800°C1h Ni ; Groove multi | 4x10° 5K, 1T

rolling

[146] | 920°C0.3h Ni ; fgﬁ?r:’ge Mono | 3x10° | 42K, 2T

Nonetheless, other studies, such as [145] and [146], revealed higher J. values compared to
unsintered wire, even in the presence of background fields, underscoring the significant

impact of temperature on achieving the optimised performance for applications in magnets.

2.5.3 Wire production via internal Mg diffusion (IMD) technique

In general, the internal Mg diffusion technique (IMD) can be considered as a development
of the PIT method. While the MgB: density produced by the ex-situ PIT method reaches
2.34 g/lcm?® [147], which is 90% of the theoretical density, it is only around 1.4 g/cm? in the
in-situ method [148] due to the intrinsic shrinkage mentioned above. However, the density
of MgB: produced by the IMD method reaches up to 2.4 g/cm?® [148]. With this method, the

stages of producing MgB: wire are given in Figure 2.16. The Mg rod is placed in the metal
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tube, which is the outer layer of the wire, and the remaining volume is filled with B or MgB:
powder. Afterwards, it is subjected to the rolling process. The internal magnesium diffusion
method and Reactive Liquid Mg Infiltration (RLI) method are fundamentally similar [149],
differing mainly in their applied heat treatments. RLI employs temperatures above 750 °C,

while IMD uses lower temperatures between 600°C and 700 °C.

Mg Rod

l '
l T .(}:\v Boron

Figure 2.16 IMD processed MgB: wire producing steps.

These heat treatments either melt the Mg to encourage reaction with boron to form MgB: or
stimulate solid-state reaction. Numerous studies have demonstrated the effectiveness of this

method, achieving very high current densities [154-157].

(bl) (b2)

Figure 2.17 Optical images of cross-sections of (a) the initial monofilamentary wire, comprising
Mg, B, Nb, and Fe; (b1) the wire composed of Mg, MgB., Nb, and Fe from inner to outer layer.
Basically, it is the version of b2 that is filled with Mg powder, and (b2) the hollow superconducting
wire made of MgB,, Nb, and Fe. The arrangement of components progresses from the innermost
part to the outer surface of the wire [149] (Copyright © 2007, IEEE)
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In 2007, Giunchi et al. [149] introduced a 50 m long, 1.15 mm diameter IMD-based MgB:
wire. In Figure 2.17a, the wire consists of an Mg rod, B powder, Nb sheath, and Fe from
inside to outside. In Figure 2.17b1, the wire consists of an Mg rod doped with C, already
reacted to form MgB2, and the iron sheath. In Figure 2.17b2, the bl wire heat-treated at
approximately 750 °C reveals visible voids resulting from shrinkage during MgB:
formation. The achieved J; value was 5x10% A cm2 at 10 T and 4.2 K, notably lower than
the best in-situ or ex-situ wires previously mentioned. The method's limitations include
being only applicable for winding onto coils using the wind and react method, and a

restricted bending radius due to the hollow centre formed in the wire.

Hur et al. [150] developed an IMD processed monofilament MgB2/Fe wire doped with 5
mol% SiC and heat-treated at 670 °C for 1 hour. The engineering current density reached
10° Acm2 at 10 T and 4.2 K, similar to those achieved with simple PIT processing.
Microstructural comparison in Figure 2.18 shows that while PIT-based MgB. wire
exhibited a granular and porous microstructure, IMD-based wires demonstrated a denser and

less porous microstructure.

Figure 2.18 SEM images of both SiC doped a) IMD processed and b) PIT processed MgB. wire[153]
reprinted from [150] (Copyright © 2008, IOP Publishing)
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Figure 2.19 IMD based MgB; wire fabrication of [151] (Copyright © 2011, IEEE)

Kumakura et al. [151] fabricated seven and 19-multifilament SiC-doped MgB: wires by the
process illustrated in Figure 2.19, and achieved 0.7x10° A/cm™? and 1.3x10° A/cm™

respectively at 10 T and 4.2 K.

Some properties of MgB2 wires made by IMD are listed in Table 2.5. They all use C

substitution to increase the Jc values.

Table 2.5 Some IMD wire production studies in the literature.

Heat _ Engineering
Treatment | Sheath . Filament J Test
Ref. Material Doping Process Type Environment
(under Ar) Alcm?
[149] 750 °C Nb 5at% C Drawing mono 5%10° 42K, 10T
[150] | 670°C3h Fe 5at% SiC | Drawing mono 4.1x10* 42K, 10T
[153] | 700°C 1h Fe SiC Groove | oo 7x10° 42K, 4T
Rolling
10 mol% Groove
0 _Nli . 5
[152] | 645°C1h Cu-Ni sic Rolling multi 10 42K,9T
Groove
1 1% Rolli .
[151] | 640°C 1 h Ta 0 mol% OMNG it 0.7%105 | 42K, 10T
SiC and
swaging
[154] | 700°C1h | Nb NanoC | OBV 6.1x10° | 42K, 10T
swaging
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When we compare the results from [149] and [150], the effect of heat treatment on Jc can be

seen. 750 °C is above the melting point of Mg therefore it is likely that Mg is lost during

the heat treatment.

2.5.4 Reactions with sheath materials

Kumar et al. [155] investigated the reactivity of various sheath materials, including stainless
steel, copper, silver, iron, nickel, and tantalum, within the in-situ MgB> route. They found
that silver and copper reacted with magnesium from the core, while nickel reacted with both
magnesium and boron, forming MgNizsB2. Stainless steel and tantalum did not form
secondary phases with the precursor powder, but stainless steel had limited ductility, and
tantalum is expensive. Iron is recommended for single sheath MgB2 conductors due to its
favourable workability and low reactivity, despite the formation of FeB: as a reaction layer
in some studies [156, 157]. For magnet applications involving MgB2 conductors, using a

non-magnetic sheath offers advantages in reducing unwanted dissipation (eddy currents and

fields created by the sheath) [97].

Zhou et al.[158] investigated the effect of sheath materials on Jc properties of the wire.

T T T - ; ; : . |
NE @ Cu-sheath A
< {5— Fe-sheath 'y
S 100} —®— Ag-sheath ~ |
z o
[}
=
=
E 10f 1
< L
i
E | -
0 o T = .
- * 1 L . | T - ) A
600 650 700 750 800 850

Heat-treatment temperature (°C)

Figure 2.20 The J varies with the heat treatment temperature for tapes sheathed with various
metals. In the case of tapes sheathed with Ag, and Cu, the disappearance of J is indicated by the
dashed arrows [158] (Copyright © 2001, IOP Publishing).
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As observed in Figure 2.20, the J. of the tapes dramatically drops to almost zero when it is
sheathed with Ag and Cu above certain heat treatment temperatures, specifically 700°C for
Ag and 800°C for Cu. The detrimental effect observed in Cu sheathed tapes at elevated
temperatures, resulting in severe bubbling and subsequent damage to the tapes, leading to

the loss of Je, is noteworthy.

In addition, reactions between the core and the sheath material, as well as MgB:
decomposition, may happen at the same time. Chen et al. [159] studied copper inclusion in
MgB: to replicate the potential reaction between Cu matrix and MgB: and they prepared
both in-situ (0.8Mg + 0.2Cu + 2B) and ex-situ (MgB: + 0.2Cu) samples subjected to various
heat treatments (600-900°C, 1 hour). They found heightened reactivity of pure magnesium
with copper compared to MgB: in in-situ reaction. It is claimed that Mg.Cu formation was
unstable above 600°C, favouring MgCu. according to Gibbs free energy. No reaction was
observed between Cu and MgB: in ex-situ samples at 600-700°C [160]. At 800°C and
900°C, MgB: decomposes into MgB4 for ex-situ and in-situ reactions, respectively. MgCu>
formation indicates that evaporated Mg can react with Cu at these temperatures. At >800°C,
MgB4 and MgBs likely form due to Mg loss to Mg-Cu alloys. To prevent core-copper
reactions, a barrier material like niobium, tantalum, iron, tungsten, molybdenum, chromium,
or their alloys must be used. The barrier must be thick enough to prevent diffusion between

the core, stabilizer, and sheath.
2.6 Superconducting joints and their characterisation methods

Extensive studies in the literature have explored design, heat treatment, doping elements,
pressure variations, and ambient conditions to enhance joint performance. The physical

structure of MgB: joints and its effects on performance will be addressed in this section,
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along with examination of production techniques and design processes reported in the

literature. Subsequently, measurement techniques for MgB: joints will be discussed.

2.6.1 Approaches for fabricating persistent MgB: joints

Next-generation persistent electromagnet systems need cheaper, efficient materials for
higher temperature operation. MgB: is a strong candidate for superconducting coils due to
low raw material costs and ease of production. However, persistent mode magnets require
suitable joints. The production process of MgB: joints depends on the coil production
method: in wind & react (W&R), joints are made between unreacted wires and heat-treated

with the colil; in react & wind (R&W), the joint heat treatment is done separately [161-163].

One of the electromagnet systems where the applicability of MgB2 has been extensively
studied is the MRI machine. Segmented coils are a common feature in the design of most
MRI systems, leading to the requirement for wire-to-wire joints. Various studies have been
carried out so far to connect both monofilament and multifilament MgB2 wires with joints

[7, 35, 174-177, 83, 166, 168-173].

The diameter of MgB> wires varies based on whether they are monofilamentary or
multifilamentary [175]. Monofilament wires can be as small as 0.08 mm, while
multifilament wires have variable diameters based on application and current capacity. The
magnetic field strength and field drift depend on the wire type. Multifilament wires, typically
chosen for large-scale MgB> magnet production, exhibit high engineering /. values and

greater stability against flux jumps [176].

2.6.2 Wire preparation for joining
The challenge with both monofilamentary and multifilamentary wires lies in precisely
cutting the ends for joints without damaging the wire. The state of the wire—reacted or

unreacted—is crucial. In unreacted MgB: wires, unsintered powders increase the risk of
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spillage during cutting. This risk is lower in reacted wires, but fractures can occur due to
MgB:>'s brittleness. Various studies have aimed to minimize these issues. Yoo et al. [32]
investigated the effect of cutting angle on the Ic value of MgB: joints between unreacted
multifilament wires. They conducted heat treatment at 675°C for 1 hour under an Ar

atmosphere and found that Ic increases with decreasing cutting angle.

In Figure 2.21, a lower cutting angle results in a larger contact area between the filament
and the joint. Voids at this interface reduce both Ic and local Jc values by impeding
supercurrent flow. Figure 2.21a shows numerous voids at the joint-wire interface, likely due

to density changes.

gB; interface # . MgB; interface
N
\
% A

- e R

Figure 2.21 SEM images of the interface between wire and bulk. The cutting angles are 13° 30° 45°
60° 90° respectively. Reprinted from [32] (Copyright © 2010, AIP Publishing)

Joints with a 13° cutting angle had the highest Ic value of 262 A at 20 K, representing 83%
of the CCR. Pressures of 150, 300, 450, 600, and 750 MPa on the joints were also tested. At
150 MPa, joint Ic values were lower, indicating insufficient pressure for a multifilament
MgB: joint. At 300 MPa, joint Ic values increased, but pressures above 300 MPa (450 and

750 MPa) significantly decreased joint Ic values due to MgB: filament deformation.
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2.6.3 Structural aspects of joints

Joint design is one of the most important factors affecting the efficiency of the magnet
systems, depending on the type of magnet and its application. Various ways of linking the
ends of wires coming from coils were detailed previously by Brittles et al. [177]. The four

methods given in Figure 2.22. can be used to join two wires to make a superconducting

joint.

> Butt joint (a)

> Lap joint b),

> Continuation joint (c),
> Termination joint (d),

It is quite difficult to link MgB2 wires with butt and lap joint methods owing to the small
diameter of these wires (< 1mm), the small amount of contact surface at the joint and the

method of keeping the wires together for a long-time during the heat treatment.

Figure 2.22 Basic joint structures (a) butt joint, (b) lap joint, (c) continuation joint, (d) termination
joint. Reprinted from [177]. Blue represents the wires, while gray indicates the case or filler within

the wires. The size of the wires, the case or filler, as well as the gaps between the wires, may vary.
Therefore, termination and continuation joint methods have been the most popular for

joining wires. Joint systems generally consist of the following parts;

> Outer die, also called case,
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> Chamber inside the case where the powder will be compressed,

> The way to position the cables in the die,

These factors vary from study to study. Since design plays a key role in the commercial
production of superconductive electromagnet systems, companies keep them as commercial

secrets and protect their designs with patents such as [181-195] .

Two approaches exist for forming joints with MgB2 wires: joining two unreacted wires or
joining two reacted wires. Joining unreacted wires is necessary for the W&R coil-making

technique, while joining reacted wires is used in the R&W method.

Yao et al. [170] described a joint-making technique capable of carrying 200 A at 10 K and
250 A at 4.2 K under self-field, with joint resistance at 4.2 K reported as 10° Q. The PIT
in-situ MgB: wire used was a 0.84 mm multifilament with 18 filaments in Mg/Nb/Cu/Monel.
The process, shown in Figure 2.23, involves placing unreacted and reacted wires separately
in a stainless-steel die, then pouring Mg and B powders into the chamber. The powders are
compressed using steel bars, but pressure is limited to prevent wire breakage or bending,

likely resulting in lower MgB: density, though no specific value was provided.
@

Figure 2.23 MgB:; joint design of Yao et al [170] (Copyright © 2009, IEEE)
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They prepared two bundles of joints. The first bundle of unreacted wire joints was heat-
treated at various temperatures: 570°C for 40 hours, 630°C for 20 hours, 640°C for 30
minutes, 675°C for 30 minutes, 700°C for 15 minutes, and 900°C for 15 minutes. The second
bundle of reacted wire joints was heat-treated at 570°C for 40 hours and 630°C for 20 hours.
Ic values in the first bundle were 150 A at 640°C and 670°C for 30 minutes. In the second
bundle, the Ic was 25 A at 630°C and 250 A at 570°C. All measurements were taken at 4.2
K in a self-field using the 4-point V-I method. The performance of the joints cannot be

interpreted without knowing the Ic of the virgin wire.

Giunchi et al. [167] presented a method with two configurations for linking PIT in-situ
reacted monofilamentary MgB> wires using the reactive Mg-liquid infiltration (RLI)
process, as illustrated in Figure 2.24. In this process, B powder serves as an intermediary
between the wires, enclosed by a Mg source. A local heat treatment between 800 and 850
°C liquefies the Mg, which reacts with the B to form MgB», effectively joining the wire ends
in a process resembling superconducting welding. The joint resistance was measured at
9x10°Qat4.2 K, self-field. However, due to the absence of external pressure, the resistance

is likely high because of the low density of the formed MgB..

b)H-H

Figure 2.24 Two configurations of joints fabricated with the RLI method. a) head-tail b) head-head
reprinted from [167] (Copyright © 2010, IEEE).
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Another study conducted by Pradhan et al. [193] focused on increasing the density of the
joint interface. They claimed that the initial packing density can be elevated up to 74% (the
maximum packing factor achievable in incompressible spherical powders) by pressing the
Mg+2B powders. They reported that this density limitation in the pressing method can be
overcome by the groove-rolling process. In their process, tubes filled with powder are rolled
to decrease their diameter, resulting in the densification of the powder. They utilized PIT in-
situ monofilament MgB2/Nb/Cu wires, depicted as numbers 1 and 2 in Figure 2.25. Number
3 represents the pre-filled Nb case (outer diameter: 7.5mm, inner diameter: 5.5mm) with
Mg+2B powders, into which wires will be inserted from both ends. Number 4 illustrates the
final joint produced from wires 1 and 2. The wire's I was measured at 380 A at 21 K in self-
field conditions. Before removing the Cu layer with HNOg, they pinched the wire tips to
prevent core-acid reaction. After Cu layer removal, these tips were inserted into the Nb case,

which was then refilled with in-situ powders and rammed for better packing.

Figure 2.25 MgB: joint design by groove-rolling process reprinted from [193] (Copyright © 2016,
IEEE). As a scale reference, the wire diameter is 1.6 mm.

Subsequently, the Nb tube case was rolled in a groove roller to reduce diameter and achieve
compact Mg+B mixed powder around the filaments. The outer diameter of the Nb case (used
for joint preparation) after groove rolling was reduced to 4.3 mm. Heat treatment was

conducted at 675°C for 1 hour in an Ar atmosphere.
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Figure 2.26 SEM images of the cross-éection of the joint [193] op;right ©I 201 6, IEEE).
After the heat treatment, the cross-section image of the joint can be seen in Figure 2.26.
There seems to be no obvious interface, and the MgB: portion in the wire and the case is
almost not distinguishable. They obtained I as 345 A at 21 K in self-field resulting ina CCR
of 91%. This study had the highest I value among the studies conducted before 2016, and

it demonstrates the importance of powder densification when designing the MgB: joint.

All of the MgB: wires used in these studies so far were produced by the PIT method. In
2017, Matsumoto et al. [164] was the first group to introduce the MgB: joint design that
consists of unreacted IMD based monofilament MgB: wires. These wires, consisting of Fe
as the outer layer and boron as the second layer (see Figure 2.27b) which surrounds the Mg

rod (see the white strip in the middle of Figure 2.27a.)

(a) (b)

Moncfiament green wire

Boron layer

\
O\

Figure 2.27 MgB; Joint design consisting of IMD processed MgB, wires. Reprinted from [164]
(Copyright © 2018, IEEE)

SO

The step-by-step explanation of Figure 2.27 is as follows:
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(@) The edges of two IMD-processed wires are pressed (just one of the wires is shown here).

(b) The Fe sheath on one side of each wire is removed by polishing to expose the B powder

layer (just one of the wires is shown here).

(c) After positioning the B powder layer faces of the two wires on top of each other, they

were placed inside a stainless-steel tube.
(d) The metal tube containing the two inserted wires was pressed.
(e) Heat treatment is carried out at 670°C for 6 hours in an Ar atmosphere.

After the heat treatment procedure, a joint resistance of 10 Q at 15 K and 3 T was obtained
from inductive resistance test (IRT). However, the authors pointed out that the transport Ic

(with a 1 pV cm™ field criterion) was as low as 1/3 of that of the wires themselves.

In 2020, Dipak et al. [77] introduced a low resistance MgB: joint design quoting resistance
values as low as 5.48x10° Q at 20 K in self-field and at a persistent I of 91.3 A at 20 K
in self-field. The I of the wire at 20 K and 2 T is 86 A. The unreacted in-situ multifilament

MgB:2 wires were cut at 20° and inserted inside a die.
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Figure 2.28 a) Compaction pressure versus critical current of the joints. The circles represent the
650°C/30-minute heat treatment, while the stars represent the 670°C/60-minute heat treatments. b)
Magpnetic field versus ¢ of the joint heat treated 650 °C/30 min with 20 kN pressure. (Copyright ©
2019 Acta Materialia Inc. Published by Elsevier Ltd.)
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Then the die was filled with Mg and B powder and pressed. The pressing force was varied

from 2 kKN and 30 kN and results are given in Figure 2.28a.
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Figure 2.29 Persistent current measurement: a) illustrates the externally applied magnetic field, b)
depicts the region where the applied field is reduced to zero and the trapped field inside the coil, ¢)
demonstrates the persistent mode lasting for almost 14 hours, and d) indicates the region where the
persistent mode is interrupted via externally applied heat. (Copyright © 2019 Acta Materialia Inc.
Published by Elsevier Ltd.)

As illustrated in the diagram, the joint subjected to a heat treatment at 650 °C for 30 minutes
and a compaction pressure of 20 kN exhibited a highest transport I value of 91.3 A (at 20

K in self-field) of joints prepared at this temperature.

A joint treated at 670 °C for 60 minutes under a compaction pressure of 30 kN displayed a
highest transport Ic of 97.7 A at 20 K in self-field and 43.7 A at 1 T. Comparing this with

the wire's transport Ic of 86 A at 20 Kand 2 T, the CCR s less than 50%.
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Table 2.6 Some MgB; joint studies in the literature and the results obtained.

ind fi Joint . .
. Applied field Temperature . Wire | Joint Ic
Wire type Resistance Year | Ref.
7 (M (K) @ |t@ | ®
PIT- in-situ "’
Monofilament 1.46 4.2 1.0x10 - - 2006 | [162]
4.2 10° 250
PIT- in-situ .
Multifilament | S°/-1eld _ 2009 | [170]
10 . 200
in-situ ) .
Monofilament Self-field 10 <210 - 270 | 2012 | [174]
PIT- in-situ . o
Monofilament el 4.2 9x10 - - 2010 | [167]
PIT- |_n'S|tU Self-field 4.2 66X10—10 _ 150 2013 [166]
Monofilament
Self-field 4.2 1.4x10712 - -
PIT- in-situ
monofilament 2015 | [194]
2 20 - 155 ~100
PIT- in-situ .
Monofilament Self-field 21 - 380 345 | 2016 | [193]
IMD- 13
Monofilament 3 = 10 X x/3 2017 | [164]
Self-field 4.2 - - -
PIT- in-situ
monofilament 2019 | [168]
Self-field - - - 51
PIT-ITSIU T selffield 20 548x101 | - | 913 | 2020 | [77]
multifilament
Self-field 15 <1012 - 450
in-situ
monofilament 2021 | [195]
2 15 - >200 -
|n-S|tu_IMD- Self-field 20 6.44x10716 62 } 2023 | [196]
Monofilament

In persistent mode operation, as shown in Figure 2.29, the trapped field was 13.7 G,

corresponding to a trapped current of 22.4 A.
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Table 2.6 compares developments in MgB:> joints but calculating the CCR is often not

possible as either the wire Ic or the joint I¢ is not reported in most studies.
2.7 MgB:2 superconducting coil production techniques

The focus now shifts to manufacturing processes for superconducting coils using MgB:
wires. The winding process of MgB: wires depends on the magnitude of the magnetic field
to be produced, categorized into two groups: low magnetic field (0.5 T) and high magnetic

field (2-4 T) [197].

Tanaka et al. [198] manufactured a W&R superconducting coil wound from
multifilamentary 300m-long in-situ PIT-based MgB2 wire. Determining the minimum radius
of the coil relied on the maximum allowable bending radius of the wire without
compromising its lc. They evaluated the Ic values of bent wires through measurements in
liquid helium at 6.5 T, normalizing them by the I of the non-bent wire. The wire bent at 60
mm radius exhibited a normalized I of 103%, indicating minimal degradation. Conversely,
the wire bent at a 45 mm radius showed a normalized I. of 93%, demonstrating clear
degradation. Consequently, they opted to design the minimum coil radius as 60 mm,

ensuring optimal performance. Coil parameters of the small solenoid are given in Table 2.7.

Table 2.7 Coil parameters of Tanaka et al. [198]

Inner diameter 120 mm
Outer diameter 190 mm
Height 41 mm
Inductance 55 mH
Number of turns 589
Bmax 2.6 Tat300 A

The coil was prepared by the W&R method, but the heat treatment procedure was not

declared. In Figure 2.30, the wound and heat-treated coil is shown. The wires are covered

47



with s-glass-reinforced epoxy material to give mechanical protection against the strains

introduced as the magnet is energised.

Copper
flange

Coil
winding
Figure 2.30 Sintered coil ready for epoxy impregnation [198] (Copyright © 2017, IEEE)

Call Hall sensor
winding T4 I
e 11!

| ¢ (B -

|
1
[ M ]

Voltage taps

Figure 2.31 Illustration of the set-up where electromagnetic tests to be performed [198] (Copyright
© 2017, IEEE)

The position of the sensors and the coil is given in Figure 2.31. Coil temperature was
measured by T1-T4 sensors and the total coil temperature controlled automatically.
Additionally, the magnetic field in the centre of the coil was measured by the Hall sensor.
They estimated coil Ic and Bmax were 262 A and 2.2 T at 24 Kand 187 Aand 1.6 T at 27 K,

respectively.

Zhang et al. [199] described R&W superconducting coils wound from multifilamentary
1744 m-long in-situ PIT MgB: wire. They claimed that it is easier to produce this coil with
the R&W method rather than W&R because there is no need to do a difficult process such
as heat treatment of the entire coil at temperatures above 650 °C. The multifilamentary MgB:
wire was first heat-treated at 650 °C for 60 min under Ar and then wound onto the coil. The

general coil parameters are given in Table 2.8.
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Table 2.8 Coil parameters of Zhang et al. [199]

Inner diameter 857 mm
Outer diameter 901 mm
Height 50,6 mm
Inductance 0,744 H
Number of turns 636,5
Bmax 0,75T 200 A

They measured critical current while heating the coil, aiming for 200 A at 13 K. The magnet
was designed for 0.75 T at 200 A. The coil exceeded this, with 280 A at 15 Kand 1.93 T in

the winding.

2.8 Dissimilar joint studies between different technological

superconductors

The designs of joints between MgB: wires, both reacted and unreacted, have been explained,
with detailed examples from the literature. However, there is a lack of studies on joints
between different technological superconductors. This area is crucial for future applications,
such as power transmission cables requiring connections between different superconductors.
Understanding the compatibility and behaviour of various superconductors when joined is
essential. Banno et al. [200] studied joints between Nb-Ti and NbsSn for NMR devices,
which require superconducting joints between these materials due to their use in high-
frequency NMR magnets. These magnets typically use an outer coil of Nb-Ti and an inner
coil of NbsSn, necessitating effective magnetic field sharing and cost efficiency. Similar
requirements might arise for MgB: as its application in NMR and MRI devices grows.

However, research on MgB2-NbTi joints is limited.

Takahashi et al. [162] reported a joint between PIT in-situ monofilamentary MgB2-NbTi

wires in 2005, using four joints in an electromagnet system with a total resistance of about
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1.0x107'2 Q, suitable for persistent operation. The operational current was 105 A, and the
magnetic field was trapped for 12 hours at 4.2 K in 1.46 T without decay. However, the joint

design was not detailed.

The literature review has shown that MgB: is an emerging material with promising potential
in superconducting technologies. One of the most significant applications of these
technologies is considered to be the development of persistent mode superconducting coils.
To facilitate the development of these coils and to enable them to replace existing
counterparts, such as Nb-Ti and NbsSn, several permanent improvements are necessary.
Among these, the development of persistent-grade joints holds the utmost importance. In
the literature, studies involving joints made between unreacted wires have been quite
popular and have yielded excellent results, as discussed above. However, in current
technology, companies are placing more emphasis on joints made with reacted wires. The
primary reason for this is that large-scale coils wound with unreacted MgB> wires must
undergo heat treatment in a furnace, which results in significant energy consumption and a
high error rate. Therefore, it is crucial to conduct research that addresses this need, but to
date, literature has not yet reported the development of joints between reacted MgB:> wires
with high critical current ratios (CCR) and low resistance. The main aim of this thesis as
established through the literature review, is to conduct research to address the identified
challenges in the development of MgB: joints, with a particular focus on creating high-CCR,
low resistance joints between reacted MgB:> wires. This research employs an experimental
approach, using MgB: fillers to create joints with reacted wires and evaluating their
performance through critical current and resistivity measurements. This approach is justified
by the emphasis in the literature on the need for efficient and scalable solutions to address
the limitations of existing persistent-mode superconducting coil technologies, particularly

those associated with reacted MgB2 wires.
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In addition, there is a lack of literature on the development of joints using MgB: fillers for
other technological superconducting wires, such as Nb-Ti and Bi-2212. This thesis also
examines the feasibility of replacing lead-based solders, which are commonly used in Nb-
Ti joint technology and are set to be banned by the European Union in 2027 due to their
harmful effects on human health [201]. In light of this impending regulation, the research
investigates the potential of environmentally friendly MgB: as a sustainable alternative. The
study aims to evaluate MgB2's suitability as a joint material, particularly within the context
of Nb-Ti, which is a prevalent material in the current MRI sector. Ultimately, this research
seeks to determine the effectiveness of MgB: in replacing lead-based joints in Nb-Ti

magnets.

2.9 Conclusions

This chapter introduced the fundamental properties and thermodynamics of MgB:. It also
reviews various methods for producing MgB:2 wires, coils, and joints from the literature.
Despite existing research, challenges remain in creating high CCR and high I¢ joints between
reacted MgB> wires. Therefore, this thesis focuses on the efforts to make joints between
reacted MgB: wires in Chapter 6. Additionally, studies on Nb-Ti/Nb-Ti wire joints (see

Chapter 9) and Bi-2212/Bi-2212 joints (see Chapter 8) using MgB: filler are also presented.
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Chapter 3 Experimental Methods and
Characterisation Techniques

This chapter comprises two parts, offering an overview of:

e Processing methods of cold-pressed MgB. powders, reacted/unreacted
monofilament and multifilament MgB> wire joint preparation methods, dissimilar
jointing methods and coil preparation methods.

e Techniques for characterizing phases, microstructures and superconducting
properties of MgB: bulk samples, joints and coils as well as sample preparations for

characterisations.

3.1 Processing methods

3.1.1 Cold-pressed MgB: bulk production

The purpose of this work is to create the first MgB. compound including steps such as
powder preparation, cold pressing, heat treatment, characterization and magnetic
measurements. Magnesium (MGP-100/150, 100-150 microns from Almamet) and boron
(PVZ Boron 95 nanosize, amorphous boron powder 95% purity from PAVEZYUM)
powders were mixed in different ratios and ground by mortar for 10 mins under laboratory

ambient conditions.

Figure 3.1 a) tube furnace (into the middle) that was used for heat treatments of bulks, wires and

joints and b) 32 mm diameter stainless steel die.
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The mortars were cleaned with acetone after each sample preparation to eliminate possible
contamination. These mixed powders were then cold pressed with 30 MPa uniaxial pressure
using a manual hydraulic pressing machine for 10 minutes in a 32 mm diameter die shown
in Figure 3.1b. The particular pressure is established due to the die limit. During these 10
minutes, the pressure gauge was monitored and repressed to 30 MPa as it dropped down.
Then the samples were placed in an open crucible exposed to the furnace atmosphere.
Afterwards, heat treatments were carried out for each sample at 700-800 °C in a tube furnace

(shown in Figure 3.1a) under Ar atmosphere with a 10 PSI gas pressure.

3.1.2 Reacted and unreacted monofilament MgB: joining preparation
methods

Monofilament wires were obtained from Epoch Wires Ltd in both reacted and unreacted
forms. The joining processes for both unreacted and reacted wires, with continuous joint
orientation were undertaken in Epoch’s laboratories. The joining processes for reacted wires
with termination joint orientation were carried out in the Centre for Applied
Superconductivity (CFAS) laboratories in Oxford. Wire specifications that were investigated

are given in section 5.2.1, Table 5.2.

Joint cases (see Figure 3.2a) are used to define and give mechanical strength to the joint
region of the wires. It employs short segments (22 mm) of a comparable monofilament wire
extracted during an earlier phase of the manufacturing process, while the external diameter
remains at 5.5 mm. This joint component, referred as a case is already filled with unreacted
Mg and B powders (magnesium powder atomized, D50, with an average size of 30 ums,

and PVZ nano boron powder, 95% pure).
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3.1.2.1 Monofilament MgB: wire joining technique used at Epoch

The joint technology employed by Epoch initially involved the use of both reacted and
unreacted wires. During my visit to their laboratories, | actively participated in the creation
of several joints for testing purposes using the protocol they developed. The production steps

for these joints are shown in Figure 3.2 and listed below:

i. 2.2 cm lengths of the Mg and B filled case were cut (1-a) and drilled from both ends
using a 1.25 mm diameter drill to required drill depth (1-b).

ii.  Unreacted MgB: wire ends were scarfed by a grinding machine to increase the
interfacial area. (2). The grinding paper used was 400 grits and the grinding process
was conducted manually until the core could be observed roughly under an optical

microscope.

S g

Figure 3.2 E|c')och r Ltd MgB: joint pro;juction step.

iii.  The wire ends were inserted into the drilled holes with their exposed faces pointing
upwards.

iv. 1 metric ton of flat pressure was applied at both ends of the case (3) ensuring that

both ends are sealed.
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v. To ensure the filling powder and wire ends were in good mechanical contact,
pressure was applied to the middle of the case using '4”, 4> ,3” size tool bits and a
pressure of 2 metric tons was applied for 10 minutes (4).

vi.  The size comparison of the joint compared to a coin is shown in (5).
vii.  In some cases, unreacted wires were pressed under different loads as described in
Chapter 5, Table 5.1. Pressing on the wire has been carried out as schematized in

Figure 3.3. The wire is placed between tool bits and simply pressed.

Hydraulic
Pressure

I

Tool Bits

Wire

Tool Bits

Figure 3.3 The pressing mechanism employed for wire pressing.

3.1.2.2 A novel joining methodology for reacted monofilament MgB: wires

Epoch Wires identified significant challenges in their manufactured joint structures. These
challenges, along with proposed solutions, are discussed in Chapter 5 and Chapter 6. In this
section, the methodology of joint-making procedures between reacted monofilament wires

| developed is introduced.
In Figure 3.4, the production processes of the design of MgB: joint are schematized.

> The idea discussed here is to connect two superconducting MgB2 wires physically
inside a large diameter composite Steel/Ti/Mg+2B wire from earlier in the drawing

procedure, called the ‘case’.
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> 2 cm lengths of the Mg+2B powder filled case were cut and two holes drilled in the

Mg+2B core.
> MgB: wires were ground by grinding wheel to increase the interfacial area.

> Wires were placed in the drilled holes and 1.7 MPa was applied to the case for 10

minutes.
> Finally, the joint was heat-treated at various temperatures as detailed in Chapter 6.
d)
MgB, Wires were inserted
a) b) c 2i.nsid.e the holes
Drilled MgB, Case
MgB, Wires ‘ ‘
Ground MgB, Wires
MgB, Case

Cross Sectional view

I e 4 w-‘“

a’) b?)

Figure 3.4 Novel MgB; joint design. a)-a’) are the wires to be joined. b)-b’) is the second step,
scarfing the ends of the wires. ¢)-c’) is the third step, drilling two holes for the wires. Holes are

shown in orange. d)-d’) shows the joined wires inside the case.

To compare with existing literature given in section 2.6.1:

v" Size: Many previous studies have not specified the dimensions of the joints. In this
study, however, the joint measures 2 cm in length and 5.5 mm in diameter which is
small enough and desirable for magnet engineers.

v' Practicality: The joint case resembles a monofilament wire at an earlier stage of the
manufacturing process when the external diameter is still 5.5 mm, thus obviating the
need for additional manufacturing steps specifically for the joint case. Moreover, the

design simplifies construction and pressing procedures by avoiding complexity.
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v" Accessibility: The proposed joint design boasts accessibility across various MgB:
wire manufacturers as they typically possess joint cases within their wire production
processes. The steps involved are straightforward and adaptable to any industrial
setting.

v Reproducibility: Consistency in joint performance is paramount, especially
considering the potential demand for multiple joints within magnet designs
comprising multiple coils. The joints consistently demonstrate lower resistivity as
evidenced by the results presented in section 6.2.5, where two different coils

exhibited lower resistances (<102 Q).

3.1.3 Reacted multifilament MgB: joining preparation methods

| investigated the feasibility of a similar jointing process for multifilamentary wires
beginning with the acquisition of unreacted 6-filament MgB: wire (see Figure 3.5) from an
external source (Abant Izzet Baysal University, Tiirkiye). These wires were obtained in an
unreacted state to minimize the risk of damage during transportation as they were shipped

from Tiirkiye.

Low.C:
Steel .

Mg+2B
Powder

Figure 3.5 SEM image of the MgB, Multifilament wire cross-section.

The details of wire specifications are indicated in section 7.2.1. The wires underwent heat
treatment at 700°C for 15 minutes to compare the performance with the monofilament I have
used. Afterward, the filaments were carefully scarfed using a grinding wheel and then the

scarfed surfaces washed with ethanol. The procedures for joint fabrication and the
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subsequent heat treatments closely mirrored those outlined for the jointing process involving

reacted monofilament wires as expounded upon in the preceding section.

3.1.4 Dissimilar joint preparation methods
The dissimilar joint studies in the literature have already been discussed in section 2.8. As
detailed in that section, there is no concrete study between different technological

superconductors. Here in this section, the method of creating dissimilar joints is detailed.

Several dissimilar joints were created between Nb-Ti/Nb-Ti wires and Bi-2212/Bi-2212
wires utilizing the same unreacted Mg+2B powder cases previously employed. The
objective of these experiments was to examine the interactions between MgB> and other
superconducting phases during the heat treatment. In these experiments, the Nb-Ti wires
were monofilament, while the Bi-2212 wires were multifilamentary. Detailed specifications
of the wires are provided in Chapter 8 and Chapter 9 for Bi-2212 and Nb-Ti wires
respectively. The joint-making procedures for these wires mirrored those used for the
previous joints. Heat treatments were conducted individually starting at 600°C, followed by
650°C, and finally 700°C, each lasting for 15 minutes for Nb-Ti joints. The heat treatment
of 700°C for 15 minutes is applied to the Bi-2212 joints. More details about these

temperature selections are detailed in corresponding chapters.

3.1.5 Coil preparation methods

Determining the actual resistance of the joints within a solenoid is of utmost importance,
particularly in the context of their application in large magnets such as MRI scanners. In this
scenario, the persistent mode operation is necessary for the joints. To address this, coils were
fabricated using the most promising joining method. The former is made of Inconel and

measures 2 cm in length with an outer radius of 7 mm and an inner radius of 6 mm.
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3.1.5.1 Coil making process with mono/multifilament reacted MgB:> wires
Although the preparation of joints in a real magnet manufacturing process would probably
employ the R&W strategy that could not be used for these small test coils as shown in Figure

3.6.

l

" Inconel former

Figure 3.6 The wound coil consists of unreacted MgB: filament wrapped around an Inconel former.

This is because the radius of the coil falls below the minimum bending radius of the reacted
MgB:2 wire (which is 12 cm, as verbally reported by Epoch, but not published.) not to break
the wire and preserve the superconducting properties an alternative approach was
implemented. Initially, the unreacted MgB> wire was wound around the coil without joining
and subsequently subjected to heat treatment to induce the reaction to form MgB.. Following
this, the wire ends were connected within the pre-drilled case in accordance with the joint
making procedure elucidated in section 3.1.2.2. Subsequently, the assembly underwent heat

treatment under various conditions as delineated in section 6.2.
3.1.5.2 Coil making process with Nb-Ti and Bi-2212 wires

The procedure for creating coils with Bi-2212 wires closely mirrors the coiling method used
for monofilament MgB: wire. Unreacted Bi-2212 wires are wound around a former and
heat-treated under different conditions in a box furnace, detailed in Section 8.2. Preheating
the wound-former is necessary due to the extreme brittleness of reacted Bi-2212, making it

unsuitable for winding around such a small radius former. After heat treatment, the non-

59



jointed Bi-2212 coil is ready for joining. Wire ends are gently ground using a grinding wheel
before insertion into the pre-drilled case. 1.7 MPa pressure is applied using hydraulic

pressure to the joint and monitored via its gauge.

As for the coil-making process for Nb-Ti wire, since it is already reacted and lacks concerns
about bending radius, the wire is simply wound around the former and Nb-Ti wire ends were
scarfed and placed into the pre-drilled cases. Then, 3.4 MPa pressure (twice of previous
pressures) applied to the joint. The reason of doubling the pressure is ductility of Nb-Ti
enabling the high pressures. Then joint is subjected to different heat treatment conditions as

discussed in Section 9.2.

3.1.5.3 Heat treatments of the coils

The heat treatments for the jointed coils were conducted using the same tube furnace
illustrated in Figure 3.1a. An alumina wool isolator, as shown in Figure 3.7a, was utilized
to prevent over-reaction of the wire wound on the former, thereby effectively isolating the
joint from the coil. Subsequently, the joint portion of the coil was positioned inside the tube
furnace, while efforts were made to keep the remainder of the coil away from excessive heat

as depicted in Figure 3.7b.

b)

Joint, ;
o » Reacted MgB, Wires

i
P

Tube Furnace ;
+ Alumina foam Isolator

A

Figure 3.7 Targeted heat treatment of the joint. On the left, the coil is wrapped in alumina wool and

on the right is the position of the coil in the tube furnace.



The temperature of the furnace was monitored using both external and the internal
thermometers. These standardized heat treatment procedures were uniformly applied to all

jointed coils.
3.2 Sample preparation for characterisation

In this section, the sample preparation methods for bulks, wires and joints intended for SEM-
EDX, PPMS and XRD characterization techniques are described. Note that no liquid
medium or water was used during the grinding/polishing processes of joints, wires and

bulks.

3.2.1 Bulk sample preparation for XRD, SEM and EDX analysis

Before XRD characterization, no surface treatment such as polishing/grinding or conductive
coating was applied to bulk samples. The samples were tested as they were removed from
the furnace. All samples were 3.2 cm in diameter and were placed onto the sample holder as

shown in Figure 3.8.

Sample

==

Plasticine ¥ »
Sample Holder The paste was used to lift and stabilize the sample.
X=y+z

Figure 3.8 Placing bulk samples into the sample holder for XRD.

Since the thickness of the samples was smaller than the inner length of the sample holder,
plasticine has been employed beneath the sample. It also helped to keep the bulk steady
during the XRD operation while the sample was being spun. The bulk samples were
positioned in an aluminium holder on top of a small piece of plasticine, ensuring complete

coverage by the sample. A glass slide was then used to press the sample down, aligning its
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top with the upper edge of the sample holder. This method minimizes peak shifts resulting

from variations in sample height.

Following XRD characterization, the pellets were sectioned into smaller pieces using the
same cutting machine employed in the PPMS sample preparation section. Subsequently, it
was observed that the bulk pieces exhibited significant current charging and shifting during
SEM and EDX characterizations, attributed to their insufficient normal state conductivity.

Hence, the smaller pieces underwent a carbon coating process with a thickness of 18 nm.

Figure 3.9 Leica EM ACE 600 high vacuum sputter coater.

This specific thickness was chosen to minimize the influence of carbon on the surface.
Initially, a 9 nm coating was attempted, which was the limit of the coating machine, but
shifting still occurred during characterization. Subsequently, an additional 9 nm coating was
applied, resolving the shifting issue. The carbon coating was performed using the Leica EM
ACE 600 high-vacuum (107" mbar) sputter coater (Figure 3.9) at the David Cockayne Centre

for Electron Microscopy.

For the powder sample preparations for XRD, a square glass cover slip was placed in a
suitable aluminium holder to maintain consistent positioning across all samples. The powder
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was carefully applied to the glass slide, ensuring full coverage of the surface area.
Background scans were conducted in each case to identify and eliminate any peaks

associated with the holder and the plasticine.

3.2.2 Powder sample preparation from the case for XRD analysis

To characterize the XRD patterns of the samples subjected to heat treatments under various
conditions, five distinct cases were prepared. Each case measured 2 cm in length and 5.5
mm in diameter, as previously shown in Figure 3.2 1a, with their specifications outlined in
Section 3.1.2. The cases were then heat treated according to the conditions provided in Table
3.1

Table 3.1 The heat treatment regimens for prepared cases.

Case
number Heat treatment

1 700 °C 15 min

2 700 °C 15 min + 900 °C 30 min

3 700 °C 15 min + 900 °C 30 min + 650 °C 1h

4 900 °C 30 min

5 900 °C 30 min + 650 °C 1h

All heat treatments were conducted in a tube furnace, as shown in Figure 3.1a, under an
argon-protecting atmosphere. Figure 3.10 illustrates the process of removing the reacted
powder from inside the case following heat treatment. The sample was securely compressed,
and a small metallic crucible was positioned beneath the case to serve as a reservoir for the
collected powder. As the drill operated slowly, it ground the ceramic inside the case into a
powder, which then collected in the reservoir below. In this way, the ceramic inside the case

was carefully collected and made ready for XRD testing.
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/ Drill Bit
Case

Powder Reservoir

Figure 3.10 (a) MgB. removal from heat-treated case using drill assistance; (b) Cross-sectional

schematic of process: Black denotes MgB;, orange represents Ti, and green indicates Steel.

3.2.3 Bulk sample preparation for PPMS analysis

After XRD analysis, each individual sample underwent a cutting process utilizing the
Buehler Isomet low-speed precision cutter, specifically designed to prepare samples suitable
for the Physical Property Measurement System, Vibrating Sample Magnetometer (PPMS-

VSM). The schematic below illustrates the sample preparation steps.

a b

Figure 3.11 Diagram of sample for PPMS Characterization

The slice obtained from the cutting procedure (as depicted in Figure 3.11c) was measured
using a micrometre, ensuring approximate dimensional accuracy. Subsequently, it was
ground to attain a cuboid shape. No liquid medium, such as water, was used during the

grinding process.
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Table 3.2 The measured sizes of samples and their approximated error values.

Sample No | Measured sizesa x b x cinmm | Approx. Error

1 2.1x19x3 0.1 x0.1x0
2 2x2x%x29 0x0x0.1
4 19x2x%x29 0.1 x0x0.1

Due to the inherent difficulty in achieving precise cuts for small samples, some size
discrepancies are expected. Table 3.2 displays the measured dimensions of the samples

alongside their estimated errors.

3.2.4 Wire sample preparation for SEM-EDX and XRD analysis

Before making joint, reacted, unreacted, monofilament and multifilament wires were
characterized by SEM and XRD analysis. Figure 3.12 illustrates the wire sample preparation
steps for characterization. In Figure 3.12a, a 35 mm rubber mould was employed to
fabricate an epoxy mount. Initially, the inside of the rubber was sprayed with a Si lubricant
to facilitate the removal of the sample after epoxy curing. Subsequently, the wire (Figure

3.12b) was cut into small pieces (Figure 3.12c).

A
M

- (b) ()

(a)

Epoxy Epoxy hardener

U] (e) )

Figure 3.12 The wire preparation steps for XRD and SEM characterization.

These small cut wires were then arranged within the rubber mould (Figure 3.12d), in a
parallel orientation ensuring minimal spacing between them. Next, a mixture of 18 grams of
epoxy (15 g) and hardener (3 g) was prepared in a glass beaker and mixed for 5 minutes.

The mixture was poured into the rubber mould (Figure 3.12¢e) and left under a fume hood
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overnight. Following curing, the epoxy was extracted from the rubber mould (Figure 3.12f).
The samples were subsequently ground using SiC grinding discs ranging from #400 to
#1200 for 30 minutes to expose the inside of the wires for XRD analysis. Neither a liquid

medium nor water was used during the grinding process.

3.2.5 Joint sample preparation for SEM-EDX analysis

The joint preparation steps for SEM characterisation are similar to the wire preparation steps
to some extent. Joints are directly put into the rubber mould in a carefully chosen orientation
to aim for the interface between wire and filler MgB.. Figure 3.13 elucidates the rationale
behind positioning the joint within the rubber for epoxy moulding. After all joint production
procedures are completed and removed from the furnace, the shape of the joint is shown in
Figure 3.13a with wire orientation illustrated below for clarity. Subsequently, in Figure
3.13Db, the joint is rotated and placed into the rubber mould as shown. The wire orientation
in this position is also delineated. In Figure 3.13c, the epoxy and hardener are poured into
the rubber mould and left under a fume hood overnight.

(©
Grinding surface

(a) (d)

© Pollshed surface
(o}
<

O
VR -
(e) I

Top view of this

om—

I

Figure 3.13 Mounting the joints into the rubber mould. Wire orientations for each step are provided

for clarity.

This stage also includes a depiction of the grinding surface and wire orientation. Figure

3.13d presents a schematic of the joint post-grinding. No liquid medium or water was
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employed during the grinding process. Finally, Figure 3.13e provides a top view of Figure

3.13d, showcasing the final image of the joint and filler interface.

3.3 Characterisation techniques

3.3.1 X-Ray diffraction

XRD measurements were conducted employing a PANalytical Empyrean diffractometer
utilizing Cu K-a radiation (A = 0.154 nm) at 40 kV and 40 mA, along with a Pixcel 1D
scanning detector. To ensure a consistent irradiated area of 5 mmx5 mm on the specimen, a
5 mm incident beam mask and a programmable variable incident slit were utilized. The
measurements were performed in Bragg-Brentano geometry with a scan range of 20 = 20°
to 90°, employing a step size of 0.026. Lattice parameters, crystallite size, strain and weight
fractions of the various phases present in the samples were deduced from the XRD spectra
utilizing Rietveld refinement. The refinement process involved several steps using the
PANalytical HighScore Plus software. The images illustrate the steps involved in the case
work for various instances.

e Correcting instrumental broadening by referencing a recent scan obtained from a

single crystal Si standard.

e Fitting the background using the determine background function.

15000 —

Determine Background - [Identify1] )

After Sonneveld & Visser

10000 —

i
&
:
5
:

Granuarity: nA

Eending factor: IIl- [ cose |

Use smoothed input data |

5000 —

A J\J\J\,\A I\

80 90

T
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Position ["2Theta] (Copper (Cu))

=]

Figure 3.14 Background fitting performed by the software.
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e Locating peaks using the peak search function.

¥oyy Voo y Y y Y ¥ W Voo oW y Vo Vo
1
15000 —
Search Peaks - [|dentify] x
Minimum significance: 2.00
Minimum tip width [=2Th.]: om =
Maximum tip width [#2Th.]: 1.00
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‘ Trial: search 1 ~ | More»> |
5000 —
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Figure 3.15 Peak search conducted by the software. The identified peaks are indicated above with

arrows.
e Matching experimental peaks to MgB2, MgO, MgB4 and, in some cases, Nb-Ti
reference patterns (for the dissimilar joint studies) found in the Inorganic Crystal

Structure Database (ICSD) database.

No. |Ref. Code |% Score | Compound Name |ChemicaIFnrmuIa |Scale... |ML |NML |T|_ | SULlDispIac... |Q |Subﬂle5| Cryst. Syst. Database ID
1 Com 96-90... 20 5008506 Mg2.00 0476 12 12 12 0 -0,108 User I.. Hexagonal E:\Programl...
2 Cow 95-90... 80 9012001 Mg2.00 0478 12 12 12 0 -0,108 User .. Hexagonal E:\Programl...
3 Cod 96-590... B0 9013057 Mg2.00 0478 12 12 12 0 -0,157 User |.. Hexagonal E:\Programl...
n 4 Cow 96-90... 80 5013055 Mg2.00 0478 12 12 12 0 -0,157 User .. Hexagonal E:\Programl...
N 5 Cow 96-10... 78 1000026 Mg1.00 B2.00 0932 11 11 11 0 -0,077 User |.. Hexagonal E:\Programl...
| 6 Cow 96-90... 78 9013055 Mg2.00 0474 12 12 12 0 -0,170 User .. Hexagonal E:\Programl...
| 7 Cow 96-90... 77 9012434 Mg2.00 0478 12 12 12 o 0,173 User |.. Hexagonal E:\Programil...
N 8 Com 96-90... T7 9013054 Mg2.00 0472 12 12 12 0 -0,185 User I.. Hexagonal E:\Programl...
N 9 Cop 96-90... T4 9013058 Mg2.00 0438 12 12 12 0 -0,023 User .. Hexagonal E:\Programl...
N 10 Com 95-15... 73 1512519 Mg2.00 0424 12 12 12 0 -0,33 User |.. Hexagonal E:\Programl...
n 11 Cow 95-411... 63 4111965 Mg2.00 0501 12 12 13 0 0224 User .. Hexagonal E:\Programl...
B 12 Cow 95-50... 62 9013059 Mg2.00 0,452 13 13 13 o 0,153 User |.. Hexagonal E:\Programil...
| 13 Cow 95-90... 54 5013060 Mg2.00 0437 12 12 13 0 0,340 User I.. Hexagonal E:\Programil...
N 14 Cow 95-90... 48 Periclase Mg4.00 04.00 0048 3 3 4 0 -0,433 User [.. Cubic E:\Programil...
N 15 Com 95-90... 47 Periclase Mg4.00 04.00 0045 3 3 4 0 -0,324 User .. Cubic E:\Programl...
N 16 €o® 96-90... 45 Periclase Mg4.00 04.00 0058 2 2 4 0 -0,815 User [.. Cubic E:\Programl...
N 17 Cod 95-50... 45 Periclase Mg4.00 04.00 0062 3 3 5 0 0,012 User l.. Cubic E:\Programl...
n 18 €ow 95-90... 44 Periclase IMg4.00 04.00 0,047 3 3 5 0 0,328 User [... Cubic E:\Programl...
B 18 Cow 95-50... 44 Periclaze Mg4.00 04.00 0055 3 3 5 o 0,236 User l... Cubic E:\Programil...
| 20 Cow 95-80... 44 Periclaze Mg4.00 04.00 0055 3 3 5 0 0,248 User [.. Cubic E:\Programil...
N 21 Cow 95-90... 44 Periclase Mg4.00 04.00 0,057 2 2 4 0 -0,5672 User [.. Cubic E:\Programil...
N 22 Cow 95-90... 44 Periclase Mg4.00 04.00 0042 3 3 5 0 0,456 User .. Cubic E:\Programl...
N 23 Cow 96-90... 43 Periclase Mg4.00 04.00 0048 2 2 4 0 -0,536 User [.. Cubic E:\Programl...
N 24 Cow 95-90... 432 Periclase Mg4.00 04.00 0,064 3 3 5 0 -0,136 User l.. Cubic E:\Programl...
| 25 Gow 96-90... - 5013061 Mg2.00 0,342 10 10 13 0 0274 User .. Hexagonal E:\Programl...
— OR.ON e ON13NA7

Figure 3.16 Matching the potential compounds based on the peaks. The higher the score, the greater

the accuracy of the compound match.
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e Fitting the experimental pattern using the Rietveld phase fit function.

Parameter Varied Min. Shift/ESD |Use |Switch Off
Flat Backaround 0,1 &
More background 0,1 ¥
Peak Position 0,1 v
Peak Height 0,1 &
Peak FWHM 0,1 ¥
Peak Shape 0,1 &
Specimen Displacement 0,1 ¥
Lattice Parameters 0,1 ¥
Caglioti W 0,1 ¥
Caglioti U 0,1 ¥
Caglioti v 0,1 &
Peak Shape Parameter 1 0,1 ¥
Peak Shape Parameter 2 0,1 &

Figure 3.17 The parameters utilized during the Rietveld refinement process.

e Visually inspecting the calculated patterns of the different phases to check that the

software has achieved a good fit.
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Figure 3.18 An example of visually inspecting whether the fitting has been successfully completed.

The red peak indicates the peak in the data, while the blue peaks represent the fitted peaks.

While performing phase identification using the PANalytical HighScore Plus software, only
Mg, B, and O atoms were included in the analysis, and other atoms were excluded. As a
result, the software assigned phases to the peaks extracted from the ICSD database (the
reference number for MgB2 is 1000026) based solely on these three atoms. Instrumental

broadening of peaks was corrected using the same Si standard measured under the same
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beam optics and scan conditions. The crystallite size, microstrain, and lattice parameters

presented in this thesis were obtained using Highscore Plus software.

The errors associated with XRD analysis of MgB. powders and bulk samples, as determined
through the HighScore Plus analysis method previously described, have been extensively
investigated by Dr. Guillaume Matthews [202] within my research group (see Table 3.3).
The precision of the different parameters was established as half the difference between the
maximum and minimum values obtained via Rietveld methods after analysing five

nominally identical MgB: bulk samples.

Table 3.3 The accuracy of MgB:; crystallite size, strain, and lattice parameters determined through
Rietveld refinement Reproduced from [202] (Copyright © 2020 by IOP Publishing).

Crystallite size (nm) Microstrain (%) a axis (A) ¢ Axis (A)

Precision +12 + 0.005 +0.0002 +0.0003

All Rietveld refinements presented in this thesis are conducted using the HighScore Plus
methodology.

3.3.2 Scanning Electron Microscopy, Energy Dispersive X-ray
Spectroscopy and Electron Backscatter Diffraction

When an electron beam interacts with a specimen in Scanning electron microscopy (SEM),
it generates secondary electrons (SE), backscattered electrons (BSE) and characteristic X-
rays. SE imaging reveals surface details, while BSE imaging penetrates deeper, providing
insights into chemical variations. While SE imaging is effective for surface topography, BSE
imaging highlights compositional variations. If a BSE image differs from an SE image, it's
due to accentuated compositional differences. For comprehensive topographical analysis,
SE imaging is preferred. EDX detectors capture characteristic X-rays emitted by excited

atoms for elemental composition analysis. Detecting light elements such as Be, B, C, N, O,
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and F is challenging due to signal absorption. The analysis of light elements is challenging

due to their low photon energies, leading to several issues [203]:

e High absorption in the specimen and detector.
e Low energy peaks close to the electronic noise (around 0 keV).

e Low X-ray yield for light elements.

In contrast, higher atomic number elements produce spectra with more distinct peaks,
allowing for alternate peak use in case of spectral overlap [203]. The characteristic K, X-
rays for magnesium, boron, and oxygen are observed at energies of 1.254 keV, 0.183 keV,
and 0.525 keV, respectively. An accelerating voltage of 10 kV was chosen in this thesis to

ensure full excitation of X-rays from these elements, facilitating quantitative analysis.

SEM and energy dispersive X-ray spectroscopy (EDX) were utilized for microstructural
characterization and elemental analysis at the David Cockayne Centre for Electron
Microscopy. Microstructural evolution and compositional analysis of bulk samples were
performed using a Zeiss Merlin field-emission scanning electron microscope (FE-SEM)
equipped with an Oxford Instruments X-Max 150 mm? EDX detector, with the accelerating
voltage and current set at 10 kV and 2 nA, respectively. For the analysis of joints and wires,
a Zeiss EVO microscope outfitted with an Oxford Instruments X-act Silicon drift EDX
detector was utilized, with the accelerating voltage and current configured at 10 kV and 200
pA. In some instances where boron detection presents challenges, a 5 kV accelerating
voltage and 200 pA current have been utilized to enhance the detection of low-energy X-
rays from boron, thereby improving surface sensitivity and minimizing background noise.
Both EDX detectors are equipped with  polymer windows, which allow efficient

transmission of low-energy X-rays, enabling the detection of light elements while
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maintaining structural durability under vacuum conditions. These polymer windows were

utilized during the EDX analysis conducted in this thesis.

EDX data were analysed using Aztec software. Element maps based on peak selection may
overlook peak overlaps and background signals reducing sensitivity to light and minor
elements. Trumap corrections were employed to eliminate false data and map artifacts.
QuantLine, utilizing Tru-Q routines in the Aztec software was used for providing
quantitative element variations. For point analysis, peak positions and shapes were fitted
algorithmically to calculate elemental concentrations and the calculation errors were given

by the software.

3.3.3 Physical Property Measurement System, PPMS
Magnetic properties were assessed using a Quantum Design physical properties
measurement system (PPMS) with a Vibrating Sample Magnetometer (VSM) at the

Clarendon Laboratory, Physics Department.

Cuboid MgB: samples, approximately 2x2x3 mm in size, were mounted to a non-magnetic
brass holder fixed tightly by quartz cylindrical holders. Kapton tape prevents the holder
loosening during vibration. MultiVu software was used for VSM automation and control.
Samples are cooled under zero field and T is measured by moment-temperature sweeping

at a fixed applied magnetic field of 5 mT.

Moment-field (M-H) sweeps were conducted at 4.2 K and 20 K to facilitate comparison with

existing literature they are the feasible operating temperatures.

When changing samples, the chamber is warmed up to 100 K and the magnetic field set to
0 in oscillate mode, stabilizing the system for at least 16 hours to eliminate residual field in

the superconducting magnet.

72



Hysteresis loops from PPMS are used to determine the J¢, He and T of the sample. During
the measurement, magnetic flux enters from the surface, forming vortices that move inward
due to the external field's repulsive force. Vortex pinning opposes this force, creating a flux

density gradient and generating a shielding current.

The hysteresis loop in Figure 3.19a begins after zero-field cooling (ZFC). Initially, the
superconductor is in the Meissner state with the initial slope termed the Meissner slope,
dependent only on the sample's geometry, assuming the smallest dimension significantly
exceeds the magnetic penetration depth. When the applied field exceeds the lower critical

field, Hc1, vortices penetrate the superconductor [204].
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Figure 3.19 a) Hysteresis loop of a non-reversible Type Il superconductor. The insets depict the
critical condition within an infinitely long cylinder aligned with the magnetic field. The gradient of
the field profiles correlates directly with J.. The shaded areas, grey and striped, represent magnetic
moments with opposing orientations [204]. b) An example illustrating the approximate points of Hcs
and Hc.. Reprinted from [205] (Copyright © 2021, LLC part of Springer Nature)

Identifying Hc: is difficult since linear behaviour continues as long as the Bean penetration
depth, 6, exceeds the sample's dimensions. However, Hc1 typically marks the point where
the diamagnetic Meissner phase, indicated by the negative part of the M(H) curve, deviates
from linearity [205] as seen in Figure 3.19b. Additionally, Hc2 is usually the field where the
magnetization reaches zero during the increasing field branch of the loop as shown in Figure

3.19b [205]. Current density is calculated using Bean’s critical state model which is;
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] = 2AM (3.1)
¢ a(l1-a/3b)

where AM is the width of the magnetic hysteresis loops which can be also obtained from the

hysteresis loop, a and b is the cuboid sample dimensions with a>b.

3.3.4 High current transport measurement

The term 'transport' denotes a current that is introduced from an external source at one
location on the sample and withdrawn at another. For a more precise characterization of a
real superconductor sample, it is essential to examine either the current-voltage curve V(1)

or the relationship between current density and electric field, E(J) [206].

Superconductors are often described as having zero electric field, E, below a critical current
density, Jc, and normal-state E above Jc. In reality, various dissipation mechanisms
influenced by material properties and external conditions, result in diverse E(J) behaviours.
A common trait is non-linearity in the E(J) relationship: at low current densities, E is
minimal and may be undetectable, but it increases non-linearly with current density before

stabilizing near the normal-state E.

Figure 3.20 illustrates five V-I characteristics. They can be described as follows: In Figure
3.20 (a), a resistive region is observed at low currents due to insufficient separation between
the current leads and voltage taps. The transition to the normal conducting state becomes
apparent at higher currents, as depicted in Figure 3.20 (b). Flux creep (see section 2.3.3)
manifests at lower currents, while at higher currents, the transition becomes more

pronounced as flux flow initiates, as shown in Figure 3.20 (c).
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Figure 3.20 Schematic V-l characteristics illustrating (a) current transfer, (b) flux creep, (c) a
thermal voltage followed by current transfer, (d) flux flow and (e) thermal runaway [207]

Negative thermal voltage may develop at low currents, possibly caused by excessive heating
at the current injection point, leading to a notable temperature gradient between the voltage
taps. At intermediate currents, the voltage may become net positive due to resistive voltage
associated with current transfer in and out of a limited number of damaged filaments. In the
flux flow state, depicted in Figure 3.20 (d) at high currents, there is a zero-resistance region
followed by a flux flow transition. Zero resistance persists until a quench occurs in the

conductor, leading to heating, as illustrated in Figure 3.20 (e) [207].

If the E(J) curves are not perfectly abrupt, certain standards are required to clearly define Jc
or Ic values. Typically, an electric field criterion is utilized, such as defining Jc as the current
density producing an electric field E of 10 V/m. Additionally, specific levels of resistivity,
like pc = 1072 Qm, or dissipated power per unit volume, such as pc = 104 W/m3, are
sometimes used as criteria [206]. In short, straight geometries with a measurement distance
around 1 cm, a voltage sensitivity under 100 nV is needed to achieve 10 pV m™1. Hence, an

electric field criterion of 100 pV m™* or even 1000 uV m ™ is often used [208].

The cryostat at Epoch was custom-made, with details published by Baskys et al [209].
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Sensor Connections

Soldering

Figure 3.21 High current transport T, measurement instrument at Epoch. a) shows the general set

up of the instrument, b) shows current terminals, sensor connections and gas inlet/outlet.

The setup of the instrument is depicted in Figure 3.21a-b, while the sample holder rod is
illustrated in Figure 3.21c. In the sample holder shown in Figure 3.21c, the wires of the
joint were soldered, and a copper shunt was also soldered in parallel to the joint. The Cu
shunt is employed as a precautionary measure in the event of a sudden quench or loss of
superconductivity in the joint under test. Its high resistance enables the excess current to
bypass the superconducting wire, thereby preventing damage to the measurement
equipment. The current taps have been soldered onto this Cu shunt whereas voltage taps
were soldered onto the joined wires. However, the image shows the stage prior to their

soldering.
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3.3.5 Low current transport measurement system

It was important in this work to have a relatively quick way to check if there was a
superconducting path between the two wires in a joint before attempting much slower and
more complex persistence measurements. The illustration of the cryocooler setup is given

in Figure 3.22.
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Figure 3.22 Schematic illustration if the cryocooler setup.

The sample holder was mounted onto a probe and carefully inserted into the cryocooler
chamber. A DC current was supplied by a Keysight E36311A programmable DC Power
Supply. The voltage across the two voltage contacts was measured using a Keithley 2000
Digital Multimeter. To monitor the temperature, an SD706 silicon diode temperature sensor
was positioned at the end of the probe, just above the sample. A LabView program record
both voltage and temperature measurements during the cooling process from room
temperature to below the superconducting transition temperature of the sample, as well as
during the subsequent natural warming up phase after the cryocooler was switched off. The
onset T. was measured when the resistance was 90% of its value at 40 K, and the ending

critical temperature, known as offset Tc, was taken when the resistance was 10% of its value
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at 40 K The difference between T onset and T, offset, denoted as ATc, governs the sharpness
(abrupt resistance drop) of the T. transition. A reduced AT indicates a more abrupt

transition.

It was seen that there appears to be a difference in the T¢ values measured while cooling and
warming for all the samples. For instance, Figure 3.23, the disparity between the Tc
transition during cooling and warming sequences is depicted and this situation present in all
samples. This could be because the temperature sensor is located within the metallic probe,
but the sample holder is located at the bottom of the cryostat, meaning the sensor is cooled
first. Since it takes longer for the chamber to warm up, there is a smaller temperature

difference between the sample and sensor during warming.
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Figure 3.23 Cooling and warming T. profile of the sample 1a given in Figure 6.8.

Therefore, the temperature when the sample experiences the normal-superconducting
transition during warming is higher than during cooling. Thus, it is believed that the warming
data will be more accurate than the cooling data. Therefore, only the warming data will be

shown from this point onward.
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3.3.6 Inductive Resistance Testing, IRT

Inductive Resistance Testing (IRT) [177, 210] has been employed to evaluate the
performance of a single-joint closed MgB: coil. In terms of I determination, the primary
distinctions between transport and inductive experiments involve the experimentally
accessible range and the configuration of the current path. There are practical constraints on
the amplitude of the transport current that can be injected into a sample without encountering
significant experimental challenges. These challenges may include ensuring the stability and
safety of the experimental setup, managing the heat generated by the high currents, and
preventing damage to the sample or the experimental apparatus. In general, transport
experiments are better suited for examining lower current densities and higher electric fields,
whereas inductive techniques typically entail higher current densities and lower electric

fields.

The second key difference between transport and inductive experiments relates to the current
path. In transport measurements, the current flows between two contact points, while

magnetically induced currents form closed loops confined within the sample or closed coil.

In a uniform sample, both types of currents are governed by the same E(J) curve.
Consequently, given equivalent conditions (such as magnetic field strength, temperature,
and electric field), both experiments will yield identical critical current densities [211].
However, if the sample exhibits inhomogeneity, it is plausible that induced current loops,
confined to localized regions with high Jc, might dominate the overall magnetization signal,
whereas the transport current is obliged to traverse areas with lower J.. Consequently, in
such scenarios, the measured transport J. may be lower than that derived from an inductive

experiment.
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Figure 3.24 depicts the setup of the persistent current measurement, conducted using a
9T/3T vector magnet within an Attodry cryostat. For temperature monitoring, a
thermocouple was strategically positioned as close as possible to the test coil, placed at the
base of the experimental probe. A Lakeshore HGT-2101 Hall probe was centrally situated
within the test coil. To execute an IRT measurement, the external magnet applies a field

aligned parallel to the coil axis.

Probe
Outer
cryostat
Inner
cryostat
Magnet
Test
coil
Joint

Figure 3.24 Diagram illustrating the key elements of the IRT experimental setup, including the inner
and outer cryostats, the background field magnet, and the experimental probe. The probe consists
of a magnetic field sensor, typically a Hall probe, positioned at the tip and inserted into the centre

of the jointed test coil.

In a typical experiment, the applied field is gradually increased to a maximum, suchas 1 T,
before being gradually decreased (usually at a slower rate to prevent coil instability leading
to flux jumps) back to zero or to a preferred background field. As the external magnetic field
diminishes, the induced current generated within the coil flows in a manner that produces a
magnetic field opposing the decreasing external field as prescribed by Faraday's law of
electromagnetic induction. This alteration in flux triggers an electromotive force (EMF)
within the coil prompting the flow of current. In accordance with Lenz's law, this induced
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current opposes the change in the magnetic field ensuring that the voltage produced attempts
to counteract the reduction in field strength. Consequently, if the field decreases slightly, a
voltage will be generated to increase the current flowing through the coil, aiming to boost

the field again.

The field decay and so the current decay rate can be found with the following equations [32];

BO _ &) (3.2)
B(0)
[ Byart+ B (3.3)
HolN

where, B(t) and the | are the induced magnetic field and the circulating current at time, t.
B(0) is the initially induced magnetic field, R is the joint resistance, L is the coil inductance
t is the time, r is the coil inner radius, | is the coil length, p, is the vacuum magnetic

permeability and N is the number of turns.
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Chapter 4 Microstructure and Superconducting
Properties of Preliminary Cold-Pressed MgB:
Bulks

4.1 Introduction

Before starting MgB: joint production, | conducted preliminary studies to understand the
effects of using different stoichiometric ratios of reactants and heat treatment methods on
the crystallographic and superconducting properties of MgB2. The aim is to understand the
reactions that would occur in the filler material added to the joint that will form the
superconducting path between the two MgB: wires, but without the geometric complexities

of the joint design described above.

Recent studies in the literature predominantly concentrate on high-pressure MgB2 bulk
production [212-215], given the correlation between MgB: density and its J, as discussed
with a dense joint structure [193] in 2.6.1. Several examples of high-pressure sintering
methodologies comprise cubic anvil high-pressure sintering, 5.5 GPa [213], ultra-high
pressure-assisted sintering, 5 GPa [212], hot isostatic pressure, 196 MPa [216] and field

assisted sintering [217], 50 MPa continuous pressure during the heat treatment.

In this work, the applied cold pressure before heat treatment is kept relatively low, around
30 MPa, due to die limitations. MgB: is characterized by its brittleness as a ceramic material,
necessitating higher pressure and the packing ratio to maintain structural integrity [216].
Insufficient pressure risks fracturing the material even during sample removal from the
furnace, making it impractical to cut tiny samples for PPMS measurements. To address this,
excess Mg was incorporated to preserve mechanical strength during cutting and to
investigate MgB:'s properties with excess Mg. The study used temperatures between 700°C

and 800°C, as Mg's reaction liquid phase occurs between 650°C and 1100°C (see Figure
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2.8). Excess Mg expedited the reaction at temperatures above 700°C, preventing unreacted
Mg. The 800°C upper limit minimized Mg evaporation as much as possible and avoided

forming borides like MgBa.

In summary, this chapter examines the preliminary processes involved in producing cold-
pressed MgB: ceramics. It includes using an elevated quantity of Mg as the initial powder,
followed by heat treatment at various temperatures and durations. The microstructural and

magnetic characteristics of the samples are then analysed.
4.2  Experimental methods of cold-pressed MgB: bulks

The synthesis of MgB: is pivotal in the fabrication of both wire and joints, and so
comprehending the mechanisms and Kinetics of reaction is essential for controlling an
effective process. Different ratios of Mg and B were prepared in pellet form using a 32 mm
diameter steel die and subjected to heat treatment at various temperatures and dwelling times
in a tube furnace under Ar atmosphere. Production steps are described in section 3.1.1

Starting powder ratios and heat treatment conditions of four samples are given in Table 4.1.

Table 4.1 The atomic ratio and the applied heat treatments on exceed Mg and B pellets.

Sample Mg:B in atomic ratio Heat Treatment
1 1:0.9 700 °C 1 hour
2 1:0.9 700 °C 5 hour
3 1:0.9 800 °C 5 hour
4 1:1 800 °C 5 hour

Sample 1 and Sample 2 analyse the impact of dwell time of the same heat treatment, whereas

Sample 2 and Sample 3 investigate the effects of heat treatment ranging between 700°C and
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800°C on samples. Additionally, Sample 3 and Sample 4 also examine the effects of a

slightly reduced quantity of magnesium.

4.2.1 Phase identification and quantitative analysis by Rietveld
Refinement

The prepared samples were subsequently analysed using X-ray diffraction, and the phases
were fitted using Rietveld refinement, following the procedure outlined in Section 3.3.1. The
XRD patterns are provided in Figure 4.1 and quantitative analyses and weight fractions of
samples are provided in Table 4.2. The reliability of the XRD measurements for the
analysed samples varies among the parameters. Precision is derived from mathematical
fitting, while the XRD errors are detailed in Section 3.3.1 and presented in Table 3.3. The
a-axis and c-axis measurements show high precision, with uncertainties of £ 0.001 A and
XRD errors of £ 0.0002 A and + 0.0003 A, indicating robust data. Similarly, strain values
are consistent, with a precision of £0.055 and XRD error of £0.005. However, the crystallite
size measurements, ranging from 57.24 nm to 97.85 nm, have a high uncertainty of £12 nm,

raising concerns about their reliability.
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Figure 4.1 XRD patterns of the bulks.
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This significant precision uncertainty suggests caution in interpreting these results,

indicating a need for further investigation to enhance measurement accuracy.

Sample 1 exhibits a high weight fraction of MgB> (76.3%), accompanied by minor fractions
of unreacted Mg (20.3%) and MgO (3.4%). The MgB: lattice parameters (a-axis and c-axis)
are measured at 3.093 A and 3.524 A, respectively. A slight level of strain (0.195%) is
observed, indicating minimal lattice distortion. The crystallite size is determined to be ~57
nm. It appears that the temperature, 700 °C or the dwelling time, 1 hour, is not sufficient for
the complete reaction to form MgB: in this composition. Due to an excess Mg initially, it is
essential to facilitate the evaporation of surplus Mg to achieve a higher yield of MgB..
Otherwise, as demonstrated here, it is quite typical to observe a significant amount of

unreacted Mg.

When the dwell time increased to 5 hours, in Sample 2, the MgB. content increased to
83.1%, while Mg and MgO were present in smaller proportions (16.4% and 0.5%,

respectively).

Table 4.2 Weight fractions and quantitative analysis of MgB: pellets.

Weight Fractions %
Sample a-axis c-axis Strain % | Crystallite size nm
MgB2 | Mg MgO | MgBa4
1 76.3 20.3 34 - 3.093 3.524 0.195 57
2 83.1 16.4 0.5 - 3.136 3.526 0.218 57
3 97.6 - 24 - 3.090 3.528 0.238 97
4 97.4 - 15 11 3.091 3.530 0.229 77
Precision +0.001 +0.001 +0.055 +0.001
XRD errors +0.0002 | +0.0003 +0.005 +12

As with Sample 1, no MgB4 phase was detected since there was still unreacted Mg present.

While the a-axis significantly increased, the c-axis was similar to Sample 1, with a slightly
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increased level of strain (0.218%) and a comparable crystallite size of ~58 nm. The increase
in the a-axis parameter in Sample 2 (3.136 A) likely results from reduced residual Mg
content (16.4%), which decreases lattice constraint. Excess Mg generally resides at grain
boundaries or defects, where it exerts compressive stress on the MgB: lattice, limiting
expansion. In Sample 1, a higher residual Mg content (20.3%) correlates with a smaller a-
axis (3.093 A). By decreasing residual Mg in Sample 2, these compressive stresses are
alleviated, allowing minor lattice relaxation along the a-axis. The longer heat treatment at

700°C for 5 hours further supports Mg redistribution, enhancing this expansion effect.

When the temperature increased to 800°C, sample 3 demonstrated a significantly higher
weight fraction of MgB2 (97.6%), alongside detectable amounts of MgO (2.4%). It is
thought that the excess Mg left the bulk and evaporated leaving behind substantial amount
of MgB2 and small amount of MgO. This compositional change results in an increase in the
a-axis and a decrease in the c-axis, with elevated strain (0.238%) indicating greater lattice
distortion. Notably, the crystallite size in Sample 3 is significantly larger, measuring at ~98

nm.

Finally, Sample 4 presents the high weight fraction of MgB: (97.4%), along with minor
amounts of MgB4 (1.1%) and MgO (1.5%). The initial quantity of Mg was lower than that
of previous samples, 1, 2 and 3. It appears that once the volatile Mg escapes from the pellets,
the MgB4 phase begins to be present. The lattice parameters closely resemble those observed
in Samples 1 and 2, with a moderate level of strain (0.229%) and a crystallite size of around
77 nm. Dadiel et al. [218] investigated in-situ MgB. production using the spark plasma
sintering method. They prepared in-situ (Mg+2B) pellets with the standard stoichiometric
ratio of 1:2 and subjected them to various heat treatment conditions ranging from 720°C to

775°C for 15 and 20 minutes separately under an Ar atmosphere. At 775°C for 20 minutes,
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they began to observe a significant amount of MgB4 which can be detected in in-situ MgB2
samples when subjected to heat treatment at temperatures > 775°C, even with short dwell
times such as 20 minutes. This observation may be attributed to the accelerated evaporation
rate of Mg beyond a certain threshold, around 775°C, in the in-situ reaction of MgB.. This
could explain the presence of MgB4 in sample 4, given the higher duration (5 hours) and

temperature (800°C) compared to Dadiel's study.

It is also thought that the increase in the c-axis parameter across samples is primarily due to
reduced residual Mg, prolonged heat treatments, and improved phase purity, which
collectively relax lattice constraints. In Sample 1, treated at 700°C for 1-hour, higher residual
Mg and MgO content create compressive stress, yielding a smaller c-axis (3.524 A).
Extending the treatment to 5 hours (Sample 2) reduces Mg content, allowing slight c-axis
expansion (3.526 A). At 800°C, Samples 3 and 4 show the greatest c-axis values (3.528 A
and 3.530 A, respectively) due to nearly complete Mg diffusion, minimal secondary phases,
and enhanced crystallinity, illustrating how optimized conditions promote lattice relaxation

and expansion along the c-axis.

4.2.2 Microstructural analysis

Microstructural analysis of these samples has been conducted, with SEM images provided
in Figure 4.2. The specimens underwent a carbon coating process with an 18 nm thickness,
as detailed in section 3.2.1. The main purpose of this coating was to reduce surface charging
effects and prevent image distortion during SEM and EDX analyses. The carbon data was

intentionally obscured in EDX maps due to its substantial impact on the maps.

In Sample 1(a-b), numerous porosities ranging from approximately 100 to 150 um were
observed on the surface, closely resembling the initial Mg powder sizes. This suggests that

the voids may have formed either through reaction with B or evaporation from the
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environment. To mitigate porosity size, using smaller Mg particles would be advantageous,

but this approach is cost-prohibitive, as discussed in section 2.5.

As the presence of Mg diminishes, primarily due to excessive evaporation, the structure
becomes increasingly porous and brittle. For instance, Sample 3 demonstrated brittleness,
evident from its susceptibility to breakage during sample preparation for PPMS analysis.
Notably, Sample 2 exhibited higher surface porosity compared to Sample 1, attributed to the
higher levels of evaporated Mg, as corroborated by the weight fraction of unreacted Mg
outlined in Table 4.2. This resulted in varied sizes and depths of surface voids. However,
regions with denser morphology, observed in both Samples 1 and 2, indicate Mg-rich

domains, as further evidenced by forthcoming EDX mappings (Figure 4.3).

In Sample 3(e-f), at low magnification (e), a reduction in porosity size was observed, with
particles exhibiting fusion thereby decreasing overall porosity. At high magnification, (f),
the aggregation of small particles into larger grains was evident. This phenomenon may be
attributed to the reaction of Mg and B, which commences at around 600°C, accelerating with

increased heat.

At a certain point, where all B has reacted and there is no unreacted B in the system,
saturation of the bulk material is attained, halting further MgB: production, while unreacted
Mg persists within the bulk (as observed in Samples 1 and 2). With higher temperatures
(800°C in Sample 3), some Mg evaporates, and trace amounts of MgB2 decompose into
MgBasoiid) and Mgvapor) (as discussed in 2.4.3.2). With residual Mg present, MgB4 reacts
with existing Mg, resulting in fused regions akin to those observed in (f), persisting until
complete Mg depletion from the bulk. MgB4 was not observed in Sample 3, presumably

because the Mg in the bulk was not completely depleted by the end of the 1-hour duration.
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Figure 4.2 SEM images of the bulk samples. a-b is the sample 1, c-d is the sample 2, e-f is the sample

3 and g-h is the sample 4.

In Sample 4(g-h), subjected to an extended heat treatment duration of 5 hours, the

decomposition of MgB: initiates around 800°C and progresses gradually during the dwell
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time. Consequently, MgB.> decomposition product, Mgvapor), gradually depart from the bulk
over time, resulting in the emergence of higher boride phases. This occurrence likely
accounts for the trace amounts of MgB4 detected as evidenced in Table 4.2. Furthermore,
in (h), a particular region was delineated due to the presence of observed small particles. A
thorough examination of these particles was conducted using the BSE and EDX mapping in

the following paragraphs.

In Figure 4.3, EDX maps and BSE images of the samples are presented. Oxygen-rich
regions are indicated by dotted red circles, while magnesium-rich regions are highlighted
with dotted light blue circles. Additionally, suspected MgO particles are identified with red

arrows.

In Sample 1, Figure 4.3a, it is evident that Mg distribution is uneven, with accumulation
observed in specific regions, corroborating the findings depicted in Figure 4.2a.
Furthermore, small MgO particles were identified, one of which is highlighted by a red
arrow. Within the region highlighted by a red dotted circle, indicating oxygen-rich areas,
Mg displayed a lower concentration relative to oxygen. However, the detection of boron
appears to be limited, a common challenge in EDX imaging resulting from signal absorption
associated with the low photon energies of boron [203], as discussed in Section 3.3.2.
Additionally, the measurement error provided by the Aztec software, amounting to

approximately + 3.8% for this sample, must also be taken into consideration.

In sample 2, Figure 4.3b, EDX revealed the presence of small white particles suspected as
MgO, with one of them being specifically indicated by an arrow. Within the area shown by
a small blue circle, a notable concentration of Mg was observed, contrasting with low levels

of oxygen. Nevertheless, the concentration of B remained indistinct.
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Figure 4.3 EDX maps of the samples are provided. Mg is blue, B is yellow and O is red colour. Red
arrows showing MgO particles, red-dotted area shows oxygen rich regions, blue-dotted area shows

Mg rich regions.
However, within the larger blue circle corresponding to the Mg-rich region, a relatively

higher concentration of boron was observed, suggesting the potential presence of MgB:
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compound within that particular area compared to rest of the region. In sample 3, Figure
4.3c, the B concentration is notably more pronounced in comparison to the B maps obtained
for samples 1 and 2, with a high error margin of 3.66%. In a specified zone marked by a
blue circle, there is a noticeable abundance of Mg, whereas areas beyond this boundary
exhibit relatively diminished levels of Mg concentration. In contrast, in the region outlined
by a red dashed line, there is an abundance of oxygen, yet intriguingly limited Mg
concentration is observed. This adds complexity to the analysis as the spectrum of this area

reveals the following elemental compositions:

Table 4.3 The atomic % of the area shown red dotted circle in sample 3, Figure 4.3c

Element Atomic % Error %
B 18.83 + 3.66
C 55.00 +2.82
0] 9.32 +1.04
Mg 11.86 +1.32

The elevated level of carbon observed likely originates from a carbon coating. Examination
of the table may suggest the presence of Mg-B-O inhomogeneities, with the size of these
inclusions typically ranging within a few micrometres. A similar scenario has been noted in

sample 4.

In sample 4, Figure 4.3d, the red circle denotes an oxygen-rich region. Similar to Sample 3,
the concentration of Mg is not significantly high compared to the blue circle depicted in the
same image. However, in contrast to Sample 3, this oxygen-rich area appears more
expansive. This may suggest that prolonged treatment duration may have led to an increase
in the quantity of Mg-B-O compounds present. The atomic concentration of this region is

provided in Table 4.4.
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Table 4.4 The atomic % of the area shown red dotted circle in sample 4, Figure 4.3d.

Element Atomic % Error %
B 18.54 +1.27
C 63.02 +1.15
0] 16.11 +0.71
Mg 2.33 +0.21

The Table 4.4. reveals concentration ratios for Sample 4 similar to those in Table 4.3 for
sample 3 with significantly reduced amount of Mg and a lower B error. The corresponding

spectra are provided in Figure 4.4.
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Figure 4.4 The spectra of the regions, whose details are provided in Table 4-3 and Table 4-4 for the

black and red curves, respectively.

It has seen that there is large C peak and its left tail is overlapping the B spectrum. Which
may affect the actual amount of B in corresponding regions. However, Mg peaks are not
overlapping with any atoms and its intensity is lower and broader in Sample 3 compared to
Sample 4. This may suggest that the onset of non-superconducting inhomogeneities, B-O
compound in this point, may occur above a certain temperature threshold. Estimating the

compositions of the small precipitates proves challenging due to the overlapping signals of
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compounds within the area, which contribute to the EDX analysis. Consequently, the EDX
spectrum alone does not provide sufficient data to distinguish these precipitates. Liao et al.
[219] prepared Mg+B powder with a 1:1 stoichiometric ratio, deviating from the typical 1:2
ratio without explanation. They applied approximately 500 MPa to form pellets, followed
by heat treatment at 900°C for 2 hours under an Ar atmosphere. They identified precipitates
ranging from 10-100 nm. Larger precipitates primarily consisted of magnesium and oxygen,
while smaller ones included magnesium, boron, and oxygen. As precipitate size increased,
oxygen content rose while boron content decreased, indicating boron substitution by oxygen.
They concluded that oxygen dissolved in MgB> at high temperatures precipitates as
Mg(B,0). at lower temperatures. Prolonged high-temperature exposure transforms
Mg(B,0). precipitates into MgO with minimal size change. They proposed that 5-10 nm

size precipitates serve as significant pinning centres in MgB:..

Prikhna et al. [220] noted the occurrence of Mg-B-O nano inclusions during the synthesis
of MgB.2. They conducted experiments involving the synthesis of two distinct in-situ MgB:
bulks using a stoichiometric ratio of 1:2 for the Mg and B powder mixture. Each sample was
subjected to a pressure of 2 GPa, with one heat-treated at 600°C and the other at 1050°C
(the duration of treatment was not specified). They observed that the sample treated at
1050°C exhibited higher Jc under both 0 T and 1 T magnetic fields. This enhancement was
attributed to the presence of nano Mg-B-O inclusions observed within the bulk, which were

hypothesized to act as pinning centres.

4.2.3 Magnetisation measurements
The sample preparation for this test is detailed in section 3.2.3, while the measurement
technique is elaborated upon in section 3.3.3. An example of a cut sample is shown in

Figure 4.5. This piece underwent moment-field (M-H) and moment-temperature (M-T)
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measurements to determine the values of T¢ from M-T and J. from M-H, as illustrated in
Figure 4.7. The M-H plots were produced using a Python script that | developed (see

Appendix C).

Figure 4.5 An example of an MgB: piece cut for magnetisation measurement.

Regrettably, magnetization tests for Sample 3 could not be performed due to its breakage
during attachment to the sample holder. As outlined in Section 2.5, MgB: is a brittle ceramic
material that demands careful handling during cutting procedures. This illustrates the need
to utilize surplus magnesium as an initial powder, as discussed in the introduction. Hc1 and
Hc2 values of the samples were deduced from their hysteresis loops as discussed in section
3.3.3. Hc2 is delineated as the point at which the magnetic moment reaches zero (shown as
green dots in Figure 4.6), while Hc: is identified as the value where the Meissner slope starts

to deviate from a linear behaviour in Figure 4.6 shown as red dots.

Figure 4.6 illustrates the magnetic moment's field dependence for samples at 4.2 K (a) and
20 K (b). Notably, pronounced flux jumps were observed subsequent to the low-field
Meissner region (Hci). These flux jumps manifest promptly as the field surpasses Hci, a
critical threshold where fluxes pinned at defects begin to mobilize, subsequent to crossing a
lower critical field, Hei. Under low temperatures (<10 K) MgB: exhibits flux jumps due to

the low specific heat capacity below these temperature range (<0.2 mJ/mol K2 at 4.2 K and
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~7 mJ/mol K? at 20 K [221]), meaning even a slight increase in temperature caused by flux
motion can significantly impair the superconducting properties, like J., of MgB..
Additionally, at these low temperatures, the rate of magnetic diffusion surpasses that of
thermal diffusion, leading to the rapid movement of magnetic flux, resulting in flux jumps

[222].
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Figure 4.6 The magnetization hysteresis loops of the samples at 4.2 (a) and 20 K (b), showing the

estimated H¢: and Hc, values.

Furthermore, the weakly pinned fluxes at defects under increasing applied fields contribute
to flux jumping. When assessing the size of flux jumps across the samples, it becomes
evident that sample number 1 demonstrated smaller jumps, while samples 2 and 4 exhibited

larger ones.



Figure 4.7a-b shows the critical current values of samples using the equation (3.1) at 20 K
and 4.2 K respectively while Figure 4.7c shows the moment values of samples as a function

of temperature is given to determine the T. values.
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Figure 4.7 Critical current densities and T. values of the bulk samples extracted from the
magnetisation measurements. The relationship between J. and the applied field at a) 4.2 K and b)
20 K are shown. Figure c) displays the T, values of the samples.

The J¢, T, and Hcz values of the bulk samples are provided in Table 4.5.

Table 4.5 J¢, Tc and Hc2 values of bulk samples.

42 K 20K
Sample |5 o), k@7, Hez 30T, | kam, Ho | 10O
(10*°Acm?) | (10*Acm™) (T (10*Acm™) | (10*Acm™?) )
1 6.81 3.48 5.55 6.4 2.89 3.38 375
2 9.08 4.92 6.23 11.8 5.81 3.57 37.6
4 9.02 6.32 5.94 12.9 7.53 3.65 38.7

It is clear, as expected, that higher proportions of MgB: lead to elevated values of Jc.

However, when subjected to an external 1 T field, the critical current density values dropped
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by a ratio at both 20 K and 4.2 K as shown in Figure 4.8. The analysis indicates that the
reduction in Jc is less pronounced in Sample 4 at both temperatures (4.2 K and 20 K)
compared to samples 1 and 2. This observation may suggest that Samples 1 and 2 are more
susceptible to the influence of applied magnetic field, resulting in a more pronounced effect
on Jc due to flux penetration, leading to reduced Jc, in contrast to Sample 4. This observation
may also suggest the potential presence of submicron Mg-B-O precipitations act as flux

pinning centres in Sample 4, as previously speculated.
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Figure 4.8 The ratio of the Jc at 0 T to that measured at 1 T for the samples at temperatures of 4.2
K and 20 K.

Samples 1 and 2 exhibited lower T values compared to sample 4, possibly due to unreacted
Mg and trace MgO between MgB: grains, especially noticeable in sample 1. Smaller
crystallite sizes are also known to correlate with reduced T¢ values in MgB2 [223, 224].
Sample 4, with the largest crystallite size, displayed the highest T, while sample 1, with the

smallest crystallite size, showed the lowest T as demonstrated in Table 4.2 and Table 4.5.

Higher strain levels below 20 K inversely affected both Jc and T values, whereas larger
crystallite sizes demonstrated enhanced superconducting behaviour. The impact of strain
and crystallite size on Hc warrants further investigation. Serquis et al. [225] noted that

strains below 0.5% in the MgB: lattice have minimal impact on T¢, with strains exceeding
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1% resulting in a decrease of only 2 K in Tc. They also claimed that effect of strain on T

reduction is to be less significant than that of crystallite size.

Table 4.6 Literature studies and their Jc and T, results. All samples were in-situ synthesized MgB:

and no doping elements.

Sintering Tc onset (K) Je (10°A cm?) at 20
Ref. K

Condition, °C | Duration Self-field 1T

775 1h 38.5 27 -

[226] 775 5h 385 23 -

780 3h 38.7 19 -
[227] 1200 30 min 38 8 25
[228] 800 6h 38.2 10 55
[229] 850 30 min 37 - 2.9
[230] 775 2h 38 30 10
700 1h 37.5 6.4 2.9
This study 700 5h 37.6 11.8 5.8
800 5h 38.7 12.9 7.5

Here in this study, increased strain levels adversely affect Jc and T. as Serquis et al.
suggested, indicating the persistent sensitivity of superconductivity to mechanical lattice
perturbations. Conversely, larger crystallite sizes maintain a positive correlation with Jc and
Te, highlighting the crucial role of grain size in determining superconducting behaviour,

even at low temperatures.

Table 4.6 presents various studies and their outcomes from the literature. All the samples
listed here were produced via in-situ synthesis methods and are in pellet forms. The
production methods and applied pressures varied from study to study. Additionally, none of

them contain doping elements for comparison with the results provided in this chapter.
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Sample 4's results seem favourable compared to the literature, with a notably high Tc, one
of the highest among the samples listed. Regarding the Jc under self-field, it falls around the
average of literature values and even surpasses some studies. Looking at Jc under a magnetic
field of 1 T, it appears notably higher. This could potentially be attributed to the pre-
suggested Mg-B-O inclusions acting as pinning centres. However, further research efforts

are needed to validate this theory.

4.3 Conclusions

In conclusion, the investigation of the cold pressed MgB: study clarifies the complex
interplay between strain, crystallite size, and key superconducting parameters, namely Je, Te¢
and Hez, at both 20 K and 4.2 K. This preliminary study focused on understanding the effects
of different stoichiometric ratios of reactants and heat treatment methods on the
crystallographic, structural and superconducting properties of MgB:2 formed by the kinds of
reaction processes that might be used to process joints. The magnetization measurements
provided useful insights into the superconducting behaviour of bulk samples, that can help
explain what is happening in joints processed in similar temperature ranges. The observed
trends in Jc and T values highlighted the significant influence of MgB. fraction and
crystallite size on superconducting performance. Particularly noteworthy was the inverse
relationship between strain and Jc/T, indicating the detrimental effects of mechanical
perturbations on superconductivity. At both 20 K and 4.2 K, increased strain levels
correlated with decreased Jc and T¢, while achieving a larger crystallite size enhanced these

superconducting properties.
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Chapter 5 Microstructure and Superconducting
Properties of joints in Epoch’s Monofilament MgB:
Wire

5.1 Introduction

As the significance and application scope of superconductors expand, companies are
directing their efforts towards the development of technological advancements across
various forms, including wires, tapes, films, and bulk materials. Concerning MgB.,
prominent market players such as ASG Superconductor in Italy, Hitachi in Japan, Sam Dong
in South Korea, and American Superconductors (AMSC) and Hyper Tech Research Inc. in
the U.S. stand out. Additionally, emerging enterprises like Epoch Wires Ltd. in the UK,

project partner in my research, are making strides.

Epoch Wires Ltd. has been manufacturing MgB: wires since 2019, focusing on enhancing
technological capabilities. They aim to develop MgB: joints, particularly for reacted wires,
for magnet production. While they have succeeded in producing joints between unreacted
wires, ensuring reproducibility remains challenging. Achieving consistent, high-
performance, and cost-effective joints for reacted wires is crucial for the react and wind
method, as there is a recognized demand from magnet producers to adopt this method to
reduce energy consumption and other factors discussed in section 3.1.2.2. To address this,
Epoch is dedicated to developing reproducible, mass-production suitable methods for MgB:
joints between reacted wires. A series of studies conducted in partnership with Epoch labs

outline approaches for developing these joints.

The chapter starts by explaining the experimental procedures in detail, followed by a section
about the important wire characteristics needed for joint fabrication. Then, it describes how

the joints were analysed using SEM and EDX. Following this, high-current transport
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measurements are conducted to ascertain the ¢ of the joints, alongside low-current transport

measurements aimed at determining the T of the joints.

5.2

Experimental details

The process of creating joints was initially attempted at Epoch Wires laboratories in

Cambridge, UK, involving the following steps:

Familiarizing with the wire and comprehending its specifications, delineating its
superconducting properties and physical dimensions.

Investigating the pre-matured joint technology between unreacted wires
developed by Epoch, including learning manufacturing steps, observing
challenges, and assessing pros and cons, as detailed in section 3.1.2.1.
Examining heat treatment procedures and rationale, testing various regimes for
both reacted and unreacted joints. Despite efforts, optimal ranges remain elusive
with joint reproducibility and performance inconsistency. The actual mechanism
behind the applied heat treatment procedures is unknown, and no systematic
study has been conducted. Details of the applied heat treatment for this
investigation are explained in the following section.

Replicating joint technology between unreacted wires and initiating preliminary
efforts to produce joints between reacted wires. These joints undergo high-
current transport measurements to ascertain their transport I, detailed in section
5.2.3.

Acquiring ¢ values for each joint and transporting them to CfAS for
characterization of interface quality. The microstructure properties of the joints

are outlined in section 5.2.2.
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In the Epoch study, twelve joints were fabricated using the method outlined in section
3.1.2.1, with detailed descriptions provided in Table 5.1. One example of a short joint is
illustrated in Figure 5.1. Samples 5 and 11 depict joints between unreacted wires, while the
rest involve joints between reacted wires. The decision to include unreacted wires allows for
comparison with reacted counterparts, aiding in the understanding of the reaction
mechanism. Additionally, samples 7, 9, and 12 are doped with 5% SiC within the core,
aiming to evaluate performance under high external fields for flux pinning, though no

significant outcomes were observed.

Table 5.1 Specifications used during joint production of the joints. SS stands for stainless steel.

Sample i Wire Outer Drilling Hole

Number P(rﬁz‘:;;e Composition sheath Diameter
1 4 MgB: SS 1.25mm
2 3 MgB: SS 1.25mm
3 1 MgB: SS 1.25mm
4 2 MgB: SS 1.25mm
5 0 Mg+B SS 1.25mm
6 3 MgB: SS 0.9mm
7 0 MgB,+ 5% SiC SS 1.25mm
8 1 MgB: Monel 0.9mm
9 4 MgB,+5% SiC SS 1.25mm
10 0 MgB: Monel 1.25mm
11 0 Mg+B SS 1.25mm
12 2 MgB;+5% SiC SS 1.25mm

Notably, samples 8 and 10 feature Monel as an outer sheath, introduced to investigate

potential impacts on the joints' I and interface quality. Furthermore, some wires were
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pressed under different loads (tons) (as described in section 3.1.2.1) to assess whether the

pressure on the wire before joining affects the results.

Figure 5.1 One of EPOCH's short joint.

Drilling hole diameter was another observed factor presenting a challenge. Given the wire
diameter of 0.75 mm, a diameter of 1.25 mm seems too large, making it challenging to
maintain wire stability during pressure application as seen in Figure 5.2. Therefore, it was
reduced to 0.9 mm (it is 0.9 mm since it was the smallest drilling bit in the lab.) in some

cases (sample 6 and 8).

Figure 5.2 SEM image of one of the joints, illustrating the drilling hole (1.25 mm) resulting in wire

looseness.

Heat treatments to the joints were conducted in a tube furnace under a 10 PSI Ar atmosphere.
SEM characterizations were performed in Oxford, CfAS while high current transport

measurements were carried out in Epoch.
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5.2.1 Wire characteristics used in the joints
All wires used here were produced by Epoch Wires Ltd using the classical PIT method with
a stoichiometric ratio of Mg:B at 1:2. Their wire manufacturing technology can be found in

[231-233] and specifications are given Table 5.2.

Table 5.2 Reacted and unreacted wire specifications

Core liciuces Thickness
. Outer Barrier Heat Treatment Diameter . of the
Wire . Diameter . of the outer
Sheath material under Ar (mm) barrier
(mm) sheath (mm)
(mm)
# Ls?[\é\(lalc Titanium | 700 °C 15 Minutes |  0.75 0.38 0.085 0.1
#2 Monel Titanium | 700 °C 15 Minutes 0.75 0.38 0.085 0.1
#3 Lsot\e,\(l-:‘lc Titanium unreacted 0.75 0.38 0.085 0.1
#4 Monel Titanium unreacted 0.75 0.38 0.085 0.1

Wires were prepared with a heat treatment, 700 °C for 15 minutes, under an Ar atmosphere,
and some of them may contain 5%at SiC, as detailed in Table 5.1. This heat treatment
regime was preferred because based on their experiences, it yielded the best heat treatment
results for their wire, particularly in terms of exhibiting high Ic (206 A at 20 K, 1 T) shown
in Figure 5.6. Additionally, for research purposes, some of the wires were also pressed under

a certain amount of load as shown in the same table.

SEM images and EDX elemental maps of a typical monofilament reacted MgB> wire
produced by Epoch are shown in Figure 5.3. Joint studies conducted using reacted wires
were performed using this treated wire, while joint studies involving unreacted wires utilized

the wire in its unreacted form.
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Figure 5.3 Longitudinal cross-section SEM (a-b) and BSE image along with its EDX images

obtained in the Trumap mode of the reacted MgB, wire

The wire, with outer and inner diameters of 0.75 mm and 0.38 mm respectively, features an
inner sheath of Ti to minimize core reactions and an outer layer of mild steel for easier
drawing. Mg and B EDX maps indicate uniform element distribution post-heat treatment,
though impurities, particularly oxygen, were found within the core, likely from surface
oxidation during grinding. The impact of this impurity on properties is discussed in section
2.4.4. The transverse cross-section surface area percentage of core area is 27.4%. The wire's
cross-section reveals an elongated fibrous macrostructure, a result of magnesium particle

elongation during wire drawing.

S — —
0000000 = —

Figure 5.4 The visualization of the elongation process of magnesium particles during wire drawing.
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Subsequent heat treatment causes migration of the magnesium macrostructure towards the
B layers, creating aligned porosity and leaving voids behind, as schematised in Figure
5.4.The same effect has also been demonstrated in the literature by Shi et al.[234] (Figure

5.5a) and Uchiyama et al. [235] (Figure 5.5b).

Figure 5.5 The fibrous structure of in-situ PIT-reacted MgB, wires from the literature. a) Shi et al.
[234] and b) Uchiyama et al. [235] (Copyright © 2010 IOP Publishing and 2007 Elsevier Ltd.)

Figure 5.6 depicts the critical current of the wire as a function of temperature when
subjected to a background field of 1 T. Obtaining the I value below 20 K proved challenging

because of excessive heating in the copper wire employed as a shunt.
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Figure 5.6 The relationship between the Ic of the wire and measurement temperature ina 1 T
background magnetic field. Extrapolating the fitted line enables an estimation of the I value at 20
K, denoted by the star.

107



Nevertheless, by extrapolating the linear trend observed in the graph, an estimated I value
of 206 A has been determined for the wire at 20 K under 1 T. Given the known surface area

of the wire, the engineering Jc is calculated as 4.7x10* A/cm?,

Table 5.3 The Je values of PIT monocore in-situ MgB, wires reported in the literature and the wire

utilized in this study.

Ref. Wire Je (A cm??) Environment
Wang et al.[236] PIT in-situ monocore 3.5x10° 20K, 0T
Pradhan et al.[193] PIT in-situ monocore 1.9 x 10* 20K, 0T
Patel et al.[237] PIT in-situ monocore 6.9 x 10* 20K, 1T
Choi et al. [238] PIT in-situ monocore 2.3 x 104 20K, 2T
Martinez et al. [239] PIT in-situ monocore 2 x10° 20K, 1T
This wire PIT in-situ monocore 4.7 x 10* 20K, 1T

Table 5.3 presents the engineering critical current density values of PIT monocore in-situ
MgB:2 wires in the literature. The Jc value of the wire utilized in this study is marginally

higher than the literature average and notably superior to some instances.

5.2.2 Effect of heat treatment on wire/case interface

All joints presented in this chapter underwent heat treatment at 900°C for 30 minutes and
650°C for 1 hour (see Figure 5.7). The reason for specifically utilizing this heat treatment
is that Epoch previously conducted similar studies at different temperatures, as discussed in
the introduction, without achieving tangible positive results. Therefore, exploration of
alternative heat treatment regimens is warranted since existing literature indicates a lack of
consensus regarding the optimal heat treatment for joints between reacted wires (see section

2.6.1).

108



Temperature (Celsius)

900 - ---—---mmm -
|
|

650 :

32,5 45t 75t 87.5% 147.5% Time
Mimute Minute Mimute  Minute Minute

Figure 5.7 Heat treatment procedure.

It is thought that it is imperative to leverage the decomposition property of MgB: at elevated
temperatures to trigger the chemical reaction between wires and the case. As demonstrated
previously in section 2.4.3.2, and as also suggested by Dancer et al. [89], Peng et al.[240]
and Chen et al. [159], the onset of MgB. decomposition effectively occurs at temperatures
of 900°C-1000 °C for both in-situ and ex-situ MgB.. The joint system presented here also
consist of both ex-situ (because the wire is reacted) and the in-situ (because the case is
unreacted) MgB: prior to joint heat treatment. Therefore, in order to fulfil the requirement
(decomposing the MgB: into Mg+MgB4 and creating new MgB: grains between wire and
the case interface), it is inevitable to create MgB4 in both parts. Thus, to minimize reactions
within the core-barrier-steel structure, a maximum temperature of 900°C is deemed optimal.
Furthermore, the duration of the treatment is minimized to 30 minutes to mitigate the risk of
unintended side reactions and to control Mg evaporation. At this temperature, it is postulated
that MgB: decomposes into MgB4 + Mg, as expounded upon in section 2.4.3.2. Notably, the
encapsulation of wire tips within the case confines evaporated Mg within the joint, while
allowing its release from the case ends. However, it is anticipated that Mg vapor emanating
from the innermost regions of the case, near the wire ends (since they are close to mid-

section of the case), may persist within the case to some extent. Prolonged treatment
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durations may exacerbate this expectation, potentially leading to the accelerated loss of Mg

vapor from deep within the case to its ends.

The second stage of the heat treatment involves reaching the melting point of Mg, which
occurs at 650°C for a duration of 1 hour. This temperature is selected to facilitate the
reversion of vapor Mg to its liquid state and thereby reverse the reaction leading to MgB4 +
Mg > 2MgB: as Peng et al. [240] suggested. Their findings indicate that MgB. can be
synthesized through the MgB4 + Mg reaction occurring during the heat treatment process of
ex-situ MgB., with a content of MgBa, at a temperature of 650°C. Temperatures lower than
650 °C would maintain Mg in its solid state, prolonging the solid-state reaction excessively.
Conversely, temperatures higher than 650°C may impede control over Mg migration,
allowing continued escape from the case. The 1-hour duration is chosen to afford sufficient
time for Mg to react with MgB4 and yield new-born MgB. It is anticipated that this reaction
will predominantly occur near the wire ends, as evaporated Mg within the wire may migrate
towards the case and create MgB: by reacting MgBa4. Additionally, the study conducted by
Yan et al. [241] demonstrated that the reaction between MgB4 and Mg may occur in its solid,
liquid, and gaseous states. Their XRD results confirm that the reaction MgB4 + Mg = 2MgB:
takes place regardless of the physical state of Mg. In Differential Scanning Calorimetry
(DSC) measurements of their sample, initially composed of MgB4 and Mg and subsequently
heat-treated, the first endothermic peak appears at approximately 650°C. This peak is
attributed to the potential activation of a solid—solid reaction between MgB4 and Mg. SEM
observations further reveal that the MgB2 samples synthesized from MgB4 + Mg mixtures
exhibit a denser microstructure compared to those synthesized directly from Mg + B
mixtures. To understand the reaction process, they proposed a simple model involving
spherical Mg and MgBy particles. Initially, it is assumed that Mg particles (45 pm) are
surrounded by smaller MgBy4 particles (5-10 um). At temperatures below Mg’s melting
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point, the solid-state reaction Mg(s) + MgBa(s) = 2MgB2(s) begins at the Mg/MgB4
interface. The reaction progresses as Mg diffuses through the newly formed MgB: layer
toward the MgB4 particles. However, diffusion experiments suggest that solid Mg diffusion
through the MgB: layer is slow, as indicated by their XRD results, which show only limited
MgB. formation, even after prolonged annealing. When the temperature exceeds Mg's
melting point, the reaction Mg(l, g) + MgBa4(s) = 2MgB2(s) occurs more rapidly, as Mg in
liquid or gaseous form can diffuse more easily into MgBa4 grains, significantly increasing
the reaction rate. However, at temperatures above 720°C, excessive Mg vapor pressure can
lead to Mg loss through evaporation, limiting the maximum effective temperature for MgB2
synthesis. This reaction chain (MgB4 + Mg = 2MgB>) proposed to occur within the joint is

further supported by other literature studies [240-243].

This carefully devised heat treatment protocol is implemented to attain a comprehensive
understanding of its underlying mechanisms and to identify avenues for potential

enhancement.

SEM images of selected samples were conducted to assess the quality of the wire-joint
interface, Figure 5.8 and their transport Ic results are given in Table 5.4, section 5.2.3. An
investigation is carried out to identify the underlying issues and explore possible solutions
to address drawbacks. Consequently, | focused on samples 1, 5, 6, 7 and 11, as samples 5,
6, and 11 exhibited Ic while samples 1 and 7 did not. The purpose of this specific focus is to
understand why one sample exhibited high current compared to others and why another did
not exhibit any current. In the following section, from the samples previously shown in
Table 5.1, sample 1 is referred to as J1, sample 5 as J5, sample 6 as J6, sample 7 as J7 and

sample 11 as J11.
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Figure 5.8 SEM Images of the samples | produced at Epoch. The bright white colour represents
steel, grey indicates titanium, and dark grey denotes MgB.. Dark grey regions located between the
two grey colours (Ti) represent MgB: inside the wire, while the remaining dark grey regions are

MgB: filler from the case, and some of the porosities shown by white arrows as examples in (b).
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The images are organized as follows: the first line (a-b) depicts J1, the second line (c-d)
showcases J5, the third line (e-f) J6, the fourth line (g-h) presents J7 and the fifth line (i-j)
shows J11. Each set of images portrays two wire ends, which is why there are 2 images in
every line. In J1 (images a-b), a higher load of 4 metric tonnes weight was applied to the
unreacted wire and then the wire was heat treated under 700 °C for 15 minutes under Ar.
The primary objective was to minimize the presence of voids within the reacted wire through
the application of load. After joint making procedure, the joint was reacted using the heat

treatment procedure showed in Figure 5.7.

In J1, large and deep voids indicated by white arrows in Figure 5.8b suggest the initial case
powder may contain sizable Mg fragments. These voids could potentially hinder the current
path. A drawback of this joint orientation (continuous joint) is the greater distance between
the two wire ends compared to termination joints. Along the current path, numerous voids

of varying sizes are present, which is not conducive to optimal current flow.

Furthermore, as depicted by arrows in Figure 5.8a, there is mechanical fracture adjacent to
the wire ends, potentially rendering the joint susceptible to external damage and

manipulation.

Mg K series

B K series

Figure 5.9 EDX mapping of the interface of sample J1.
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The EDX maps displaying the elemental composition of sample J1 are presented in Figure
5.9. The magnesium distribution at the interface appears relatively uniform; however, it is
noted that a line along the interface, indicated by the white arrow in the oxygen map, is
visible. The concentration of oxygen within the wire is higher than in the filler material, and
the possible presence of MgO at the interface, identified as an insulator, may significantly

impact the conductivity of the current path.

In J5, both the wire and the case were in an unreacted state before joint assembly, and no
load was applied to the wire. The heat treatment process for the joint followed the same
procedure as previous samples. Compared to J1, the interface in J5 exhibited significantly
smoother characteristics at both wire ends. The calculated I. value of the joint without a Cu
shunt was 181 A at 20 K and 1 T field, resulting in an 83% CCR. The disparity in the
measured Ic values between J1 and J5 can be attributed to differences in heat treatment
procedures. The smoother interface in J5 is believed to be due to the unreacted state of the
wires and the case, resulting in nicely fused interfaces. During the heat treatment process of
J5, gradual solid-state reactions between Mg and B initiated around 600 °C, reaching a peak
at 650°C (at the 32" minute, see Figure 5.7), the melting point of Mg. Limited production
of MgB:2 began within this temperature window, leading to porosity due to volume reduction
described in section 2.5.1. As the temperature reached 650°C, the increasing mobility of
molten Mg accelerated the formation of MgB; but also generated porosity. Between the 45™
and 75" minutes, some Mg dissociated from decomposing MgB, likely in gaseous form,
initiating the reaction MgB,—MgBs+Mg as discussed above. After the 75" minute, some
of vapor-phase Mg trapped within the wire or case, unable to escape, likely resided in the
porosities at the wire-case interface and within the filler. From the 87" minute onwards, the
trapped Mg return back its liquid phase and reacted with nearby MgB. to form newly
synthesized MgB., potentially contributing to a well-fused structure at the interface.
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In Figure 5.8 e-f, SEM results for J6, fabricated with a 3-tonne load applied to the wire, are
presented. As depicted in Figure 5.2 and discussed previously, securely holding the wires
in place during pressure application posed a challenge due to the diameter mismatch between
the wire (0.75mm) and the hole (1.25mm). To mitigate this issue, the hole diameter was
reduced to 0.9mm. Initially, the unreacted wires underwent a 3-tonne load before insertion
into the case. Heat treatment was then conducted at 700°C for 15 minutes under an argon
atmosphere, followed by the joint-making procedure. While some voids at the interface

persisted, the transport critical current was measured to be 26 Aat20 Kand 1 T.

In sample J7 (g-h), the wires underwent pre-heat treatment following the procedure used in
previous joints involving reacted wires. The heat treatment of the joint followed the same
procedure as the other samples. However, the interface at both wire ends is poor, leading to

no connection, likely explaining the measured I of zero.

In J11 (i-j), both the wire and the joint case were unreacted Mg+2B before assembly into the
joint. The joint underwent heat treatment at 900 °C for 30 minutes and 650 °C 1 hour. The
resultant Ic was 22 A at 20 K and 1 T external magnetic field. Further investigation has been

conducted to understand the reason behind this low I.

Non-pressed Regio

Figure 5.10 Low magnification joint cross-section. White arrows indicate pre-applied load direction
on the joint.
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In Figure 5.10, the area marked by 'x' indicates a misalignment of the tool bits used to apply
load in the upper and lower parts, preventing a homogeneous load application to the joint.
Despite the intention to increase density around the wire ends, challenges in the joint-making
process hindered this goal. While not the primary reason for the low I, this misalignment

underscores the difficulty in controlling load application on the joint.

Figure 5.11 depicts the EDX maps and linescan analysis of the interface. It's notable that
voids within the case are larger than those within the wire, attributed to differences in Mg
particle sizes and shapes. Despite significant voids at the interface, fused connections

between the wire and filler remain sufficiently intact.

Figure 5.11 EDX maps and linescan analysis of the interface.

Linescan analysis indicated that the presence of oxygen at the interface is not problematic,

and the presence of Mg and B along the wire appears satisfactory. Regarding interface
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quality, no specific explanation has been identified for the low I; obtained. It is considered

that there may be another underlying cause.

Some potential factors could include significant voids that may have formed in specific
regions within the wire, such as discontinuities, cracks, or fractures occurring in either or
both wires. At times, identifying cracks or broken segments of the wire through SEM
analysis cannot be straightforward, as occurred in sample 4 from Table 5.1, depicted in
Figure 5.12. The joint, situated between reacted wires, underwent a load of 2 tonnes before

undergoing wire heat treatment.

Figure 5.12 A broken/cracked wire was observed in the joint of sample 4.

Following the standard joint-making procedure and joint heat treatment, vertical cracks and
a missing MgB: section (Figure 5.12, indicated by the dotted line circle) were observed
within the wire, particularly in the part located inside the joint case. These cracks may have

occurred either during heat treatment or during handling.

Wire is being cut. Wire is being cut.
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Waste wire part The investigated part under SEM. Waste wire part

Figure 5.13 Illustrating how joint samples are prepared for SEM analysis.
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If the crack had occurred in the section of the wire positioned outside the joint case, referred
to as the waste wire part (depicted in Figure 5.13), which encompasses the area near where
the voltage tap (green) and current tap (orange) were situated, it would have been impossible
to detect it via SEM. This is because the wire was cut before SEM imaging, as depicted in

Figure 5.13, to conform to the size required by the rubber mold.

5.2.3 High current transport Ic measurements to the joints

High-current transport measurements were conducted according to the procedure detailed in
section 3.3.4. The electric field criterion was established as 100 uV/cm, consistent with the
standard employed by Epoch for characterizing their wires and joints and all measurements
carried out under 1 T background field to limit the externally applied current. The results of

the joints under various temperatures are given in Table 5.4

Table 5.4 I. results of the joints were obtained at different temperatures, with magnetic field set at
1T.

I[A]

Joint No
20K | 25K | 30K
1 0 0 0
2 0 0 0
3 21 9 0
4 0 0 0

5 143/181| 91 36

6 32/26 18 4.7
7 0 0 0
8 0 0 0
9 0 0 0
10 0 0 0
11 22 15 8.8
12 0 0 0
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Among the tested joints, numbers 5 and 6 showed promising results, with I¢ values of 143
Aand 32 A at 20 K, respectively. These values were calibrated to accommodate the presence
of a Cu shunt. In contrast, the directly measured values for sample 5 were 181 A and 26 A
at 20 K, without using a Cu shunt as shown in Table 5.4. The V-l measurement in Figure
5.14 facilitated the determination of the 20 K value through linear extrapolation. The CCR
value for sample 5 was calculated at 88% at 20 K and 1 T field. Notably, sample 5 exhibited
a higher I compared to its shunted version, while sample 6 displayed a lower Ic under similar
conditions. This difference could be due to potential issues with current tap connections
during the second round of testing, potentially resulting from residual soldering from
previous assessments. These complications necessitated additional preparation time for
sample retesting, during which mechanical damage to the wire joints' interface may have

occurred due to excessive manipulation.
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Figure 5.14 I-V measurement of the sample under different cooling temperatures.

As evident from the Table 5.4, there is inconsistency in the joint results in both between
reacted and unreacted wires. While high I joints between unreacted wires can be produced
using this method and procedure (e.g., sample 5), they may not be reliable from a

reproducibility standpoint.
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5.2.4 Low current transport T measurements

To assess the T¢ values of Epoch design joints (Figure 5.15A), three joints were produced
using the same method as Epoch, and their T. values were measured. Additionally, to
evaluate the effect of the distance between wire ends on T¢, one joint was produced with a
modified design (Figure 5.15B), reducing the joint's length from 2.2 cm to 2 cm. This
modification decreased the distance between wire ends from 0.4 cm to 0.2 cm, potentially
reducing the presence of MgBs along the current path. Comparing the T. performance

between the standard Epoch joint design and the modified design was thus introduced.

0.9cm A 0.9cm
2.2cm

0.9 cm B 0.9 cm
2cm

Figure 5.15 Schematic of Epoch joint design. a) the classical design introduced earlier, b) the

modified design tested in this section.

Tc measurements were conducted using a cryocooler, as described in section 3.3.5. Figure
5.16 demonstrates the normal state resistance and superconducting transition of joints
between unreacted wires made using Epoch’s method. Sample number 1 and 2 were
produced using the standard method (Figure 5.15A), while sample number 3 was created
by reducing the length of the case from 2.2 cm to 2 cm (Figure 5.15B). This modification
led to a reduction in the normal state resistance. Samples 1 and 3 exhibited a broad AT and
two-stage transition behaviours, indicating that there is some material in the current path

possessing a lower Tc. Given the low current in this test, which would easily be carried by a
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small cross section of superconductor, this indicates the absence of a fully continuous

pathway of the MgB..
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Figure 5.16 R-T plots of Epoch joint designs (#1-2) and modified joint (#3) are depicted with an
applied current of 0.1 A. (a) illustrates the variances in normal state resistances and transitions,
while (b) showcases the T, performances of the joints.

The interpretation of these R/T plots can be complex. In Figure 5.17, two different scenarios
of the current pathway might be suggested. In the first scenario, if the wire exhibits a higher
Tc compared to the filler material, then just below this temperature the current could follow

multiple pathways.

Scenario 1: The wire has higher Tc than the filler

Scenario 2: The filler has higher Tc than the wire

Figure 5.17 The current path in different scenarios is illustrated. White arrows indicate the current
path.

These pathways may include traversing the superconducting wire to the wire tips, and then

dispersing to pass through the normal state MgB: present in the filler material. However, if
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the wire exhibits a lower T, compared to the filler, the current will flow through the normal

metallic sheath to the wire tip, and subsequently pass through the superconducting filler.

In both scenarios, only at a lower temperature will both regions of MgB: be superconducting.
However, it is evident that the residual resistance of the original Epoch design is
significantly higher compared to the modified design. This observation suggests the
presence of non-superconducting (MgO or/and high borides) materials or/and high number

of voids along the current path, which contributes to the increased resistance.

The high current transport Ic measurements to the Epoch standard joints at 20 K are far below
the various drops in resistance measured in the Tc measurement, but they might still provide
some indication of the performance at 20 K. In the high current transport Ic measurements,
if there is no physical or mechanical problem in the joint according to the tests conducted,
and yet the Ic remains zero, it can be observed from the T, test that even at low currents,
there is a significant residual resistance below Tc. This may suggest that at higher currents,
higher resistances may have been generated, leading to the loss of the superconductivity of
the joint. The resistance generated here could be due to phases such as MgB4 and exceed
porosities which may be present between the two wire ends and among MgB: grains along
the current path. The high current transport Ic measurement of the modified joint was not
carried out for these samples, as it should have been done as further work to compare the

results and ensure whether there are any supercurrent passes through the joint.

The experimental results emphasize the difficulties in achieving high Ic in MgB2 wire joints,
especially with reacted wires. Key observations include superior ¢ in joints between
unreacted wires due to solid-state reactions during heat treatment, which produced well-
bonded interfaces. In contrast, joints between reacted wires showed poor interfaces with

large voids, resulting in low or zero I.. Design modifications, such as reduced drill hole
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diameter, improved stability but did not eliminate voids. Heat treatment was critical, with
unreacted wires bonding effectively, whereas reacted wires needed high-temperature
decomposition, which was hard to control. The findings reveal reproducibility as a major

challenge, addressed in the next chapter through a novel method with promising outcomes.

5.3 Conclusions

The experimental results underscore the challenges in achieving high Ic values for MgB:

wire joints, particularly those involving pre-reacted wires. Here are the key findings:

e Unreacted wire joints (J5 and J11) exhibited significantly higher Ic values at 20 K
and 1 T field compared to joints made with reacted wires. This superior performance
is attributed to solid-state reactions during heat treatment, resulting in well-fused
interfaces between the unreacted wires and filler material.

e For the joint made with reacted wire (J1) under a high load of 4 metric tonnes, a poor
interface with large voids was observed, leading to an immeasurably low Ic.

e Reducing the drilling hole diameter in J6 improved wire stability during assembly,
but some voids persisted, limiting Ic. The joint made with reacted wire and 5% SiC
doping (J7) exhibited a complete lack of connection at the wire ends, resulting in
zero lc.

e Misalignment of tool bits during load application led to non-uniform pressure
distribution on the joint. Additionally, a broken/cracked MgB> was found in one joint
(sample 4), adversely affecting current transport.

e The heat treatment procedure crucially determined interface quality and I¢
performance. Unreacted wires underwent reactions during heat treatment, leading to

well-fused interfaces.
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e Tc measurements on joints made with unreacted wires using a modified design
showed variations in normal state resistance and superconducting transitions.
Positioning wires deeper into the case aimed to reduce MgB4 presence and number

of voids along the current path compared to the standard design.

The results indicated that the reproducibility of this technique is a significant challenge that
needs to be addressed in joints between both reacted and unreacted wires. In the next chapter,

a novel method is proposed, and promising results have been obtained.
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Chapter 6 Microstructure and Superconducting
Properties of Novel Reacted Monofilament MgB:
Wire Joints

6.1 Introduction

As discussed in Chapter 5, it is feasible to achieve high Ic and CCR performances by
connecting unreacted wires using the Epoch standard method. However, challenges remain
in achieving high Ic with reacted wire connections. Given the reproducibility issues in both
joint types, distinct investigations are necessary to address these concerns. Therefore, this
chapter will focus on developing a novel connection design for reacted MgB: wires, inspired

by the Epoch standard design.

Joints between reacted wires are crucial for R&W magnets, as discussed in sections 2.5.2
and 2.6. Current methods involve coiling unreacted wires and sintering them into coils (as
outlined in Chapter 2), which raises costs and scrap rates [246]. The lack of efficient
technology for joining reacted MgB2 complicates magnet repairs and makes predicting
component expansion during heat treatment challenging. Therefore, developing an effective
method for connecting reacted MgB2 conductors is essential for advancing applications like
MRI scanners. This study presents a promising jointing technique for MgB: reacted

monofilament wires, detailed in this chapter.

The chapter begins by outlining the experimental details, followed by a section on the wire
characteristics essential for joint fabrication. Subsequently, an explanation is provided
regarding the characterization and test results, encompassing SEM, XRD, joint I, and

resistance, each introduced separately.
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6.2 Experimental Details

MgB: joints have been produced utilizing the method introduced in section 3.1.2.2. A
number of joint samples have been fabricated between reacted wires, with 15 of them being
discussed in this chapter. The remaining samples largely replicate the 15 discussed samples.
In order to minimise the excess consumption of expensive MgB2 wire, the first step was to

measure resistance and T transition data of short joints through low current transport

measurements in order to select a process for preparing jointed coils.

et VL e P e —

Figure 6.1 MgB: coil making steps. a) MgB: coil before the initial heat treatment (700 °C for 15

minutes), b) after heat treatment, c¢) joining the wire tips, d) mechanical pressing of the joint ) after
heat treatment (900 °C for 30 minutes and 650 °C for 1 hour) of the joint.

Figure 6.1 illustrates the sequential steps involved in coil fabrication: a) depicts the MgB2
coil prior to the initial heat treatment at 700°C for 15 minutes, b) presents the coil subsequent
to the initial heat treatment, c) demonstrates the wire tip joining process, d) indicates the
mechanical pressing of the joint and e) displays the coil following the heat treatment of the
joint.

6.2.1 Wire characteristics used in joint

All the wires used in this chapter were produced by Epoch via the powder-in-tube method,
and their specifications are previously detailed in Table 5.2. Cross-sectional SEM image of
the wire is shown in Figure 6.2. The first factor that | needed to explore was the response

of wire reacted with the Epoch standard process to a second heat treatment. This is because
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when reacted wires are to be joined, at least some of the wire length will be subjected to a

second heat treatment in the joint.

Figure 6.2 Cross sectional SEM image of the reacted MgB. wire, whose specifications are given in
Table 5.2 #1.

| carried out the heat treatments listed in Table 6.1 to explore the effect of this second heat
treatment, and the same treatment applied to unreacted wire. Therefore, W2 and W3 were
trimmed into 2-cm pieces before the heat treatment. The low current transport measurement
results, which provide the resistivity versus temperature plot of the wire under different heat

treatments, are presented in Figure 6.3.

Table 6.1 The thermal treatments applied to wires. #1 and #3 are the wires whose specifications
are already given in Table 5.2. The T, values of W2 and W3 represent the T, after the second heat

treatment.

Wire | When it is received from EPOCH | Heat treatment after obtaining the wire | T¢ (K)

w1 Reacted, #1 - 37.8
W2 Reacted, #1 900 °C 30 mins + 650°C 1h 38.2
W3 Unreacted, #3 900 °C 30 mins + 650°C 1h 37.4

127



5x10° T
= WI
. W2 - O
4x10° 4 - ) -
X = W3
»
] ¥
c -+ | - -
S a0 : M
> "
= - L
g d =
2 2x10° 4 = . .
o '} ] :
& El
’ ¥ 5
- a
1x10* o =
] l :
- -
- e
n
om, ,
38 39 40

35 36 37
Temperature (K)

Figure 6.3 Resistivity versus temperature plots of monofilament MgB. wires heat-treated under

different conditions.

W1 displays a moderate T, value, while W2 demonstrates the highest Tc. Conversely, W3
exhibits the poorest T performance. The two-stage heat treatment applied to reacted MgB:

yields superior results compared to the unreacted wire under identical heat treatment

conditions.

The disparity between W2 and W3 may suggest that Mg vaporization commences earlier in
W3, leading to a higher concentration of MgB4 within W3 compared to W2. It may also
imply that the decomposition of MgB: initiates at higher temperatures in W2 than in W3 as

suggested in 2.4.3.2. Further insights into the mechanism are elucidated in Section 6.2.3.

6.2.2 Effect of heat treatment on wire/case interface

The procedures for making the joint between reacted wires with the modified design are
detailed in section 3.1.2.2. The joint was then subjected to heat treatment at 900°C for 30
minutes and 650°C for 1 hour and the rationale behind this heat treatment has been
previously discussed in Chapter 5. Subsequently, the joint underwent testing for its Tc, with

results provided in section 6.2.4. Following testing, the joint was sectioned according to the

procedure outlined in section 3.2.5.
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Figure 6.4 SEM picture and elemental dispersion showcasing the boundary between the MgB, wire
and the MgB: filler in the joint case by the heat treatment (900 °C 30 mins + 650°C 1h). The dashed
line denotes the interface and circles in Mg maps shows big pores.

As depicted in Figure 6.4, the MgB2 microstructures in the wire and case regions differ due
to their formation at distinct temperatures. However, the MgB:2 phase forms a continuous
pathway across the interface, free of discernible pores or fractures. Oxygen mapping reveals
significant MgO in both regions, likely due to air entrapment during joint pressing and
exposure of the polished surface to air before analysis. Additionally, some Ti and Fe counts
are noticeable within the MgB: joint filler, likely from the softer sheath metals transferring

into MgB: pores during polishing.

6.2.3 Effect of heat treatment on the microstructure of the filler and wire
In the fabrication of jointed coils, reacted MgB> within the wires and Mg+2B powders
contained in the joint case are subjected to a sequence of heat treatments. Expected reactions
are outlined in Table 6.2. The wire undergoes three thermal treatment phases: initially at
700 °C for 15 minutes before assembly as a joint, followed by 900 °C for 30 minutes, and

finally at 650 °C for 1 hour during the jointing process.
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Table 6.2 Summary of the heat treatment steps and expected reactions.

Heat First Second Third
treatment
700 °C 15 min 900 °C 30 min 650 °C 1h
Wire Mg+ B - MygB, 2MgB, -» MgB, + Mg MgB, + Mg —» 2MgB,
Joint case = Mg + B - MgB, MgB, + Mg - 2MgB,
2MgB, -» MgB, + Mg

In contrast, the Mg+B powders within the case experience only the last two stages: 900 °C

for 30 minutes and 650 °C for 1 hour. The rationale for this multistep process has been

previously discussed, and the expected reactions at each stage are detailed in section 5.2.2.
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— 900°C 30 min
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A pA

Figure 6.5 X-ray diffraction scans showing the effect of heat treatment on the phase composition of

case filler material.

To characterize the phase transformations during these thermal stages, five Mg+2B filled

joint cases (2 cm in length and 5.5 mm in diameter) underwent different heat treatment

procedures, and the reacted material was extracted for XRD analysis. The sample
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preparation method for XRD analysis is described in Section 3.2.2. Characterization was
performed using the PANalytical Empyrean diffractometer, as detailed in Section 3.3.1, and
phase identification was carried out utilizing PANalytical HighScore Plus software. The
assumptions made during phase identification and the errors associated with assessing the

phase content of the materials are also discussed in the same section.

No wires were inserted into the cases for this preliminary study. The specifics of the heat
treatment methods and the proportions by weight of various phases, analysed by Rietveld
refinement of the XRD patterns illustrated in Figure 6.5, are shown in Table 6.3. Table 6.4
presents the crystallographic properties of the MgB2 phase in these samples. Samples 1, 2,
and 3 underwent heat treatments mirroring those encountered by the MgB.> wires in the
different stages of the jointed coil manufacturing process mentioned in the section 3.1.5.1.
Samples 4 and 5 provide insights into the phases developed within the joint at each phase of

the heat treatment.

Table 6.3 The proportions of phases present in the wire core and the cases subsequent to each
individual heat treatment stages analysed by Rietveld refinement. Dashes indicate that the

corresponding compound is not present in detectable volume fraction at that stage of the heat

treatment.
Sample Weight fraction (%)
number Heat treatment Received by
MgB: MgB: | MgO Ti

1 700 °C 15 min 99.4 - <1 trace wires
2 700 °C 15 min + 900 °C 30 min 98.1 <1 1.4 - wires in joint
3 Zgg Zg iﬁ min +900 °C 30 min + 99.0 - <1 trace | wiresin joint
4 900 °C 30 min 68.9 29.6 15 - joint filler
5 900 °C 30 min + 650 °C 1h 98.9 - <1 trace joint filler
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Table 6.4 Quantitative results of MgB: lattice parameters, crystallite size and strain

I\Slzmg:aer Heat treatment a-axis c-axis Strain % C;iisétilrlllqte
1 700 °C 15 min 3.086 3.524 0.34 40
2 700 °C 15 min + 900 °C 30 min 3.089 3.534 0.20 38
0 1 0 1 0
3 IE]O C 15 min + 900 °C 30 min + 650 °C 3121 3567 016 24
4 900 °C 30 min 3.101 3.543 0.23 112
5 900 °C 30 min + 650 °C 1h 3.085 3.5626 0.21 50
Precision +0.002 +0.002 +0.07 +0.005
XRD Errors +0.0002 | +0.0003 +0.005 +12

The precision and XRD errors in the table provide important insights into the reliability of
the measured values for the a-axis and c-axis lattice parameters, strain, and crystallite sizes.
As mentioned earlier, precision is obtained through mathematical fitting, whereas the XRD
errors are outlined in Section 3.3.1 and displayed in Table 3.3. The precision values of +
0.002 A for the lattice parameters and + 0.005 nm for crystallite size reflect a high degree of
measurement consistency, supported by the XRD errors of = 0.0002 A and + 0.0003 A for
the a-axis and c-axis, respectively. In contrast, the + 12 nm uncertainty in the crystallite size

measurements indicates substantial variability.

In addition, some samples detected a trace amount of Ti, likely originating when the reacted

material was extracted from the Ti sheath.

Sample 1, which underwent a heat treatment at 700 °C for 15 minutes, exhibits the smallest
lattice parameters (a=3.086 A, ¢=3.524 A), closely aligning with the theoretical values
provided in section 2.4.1, alongside the highest weight fraction of MgB> (99.4%). This

suggests that the relatively low thermal energy resulted in minimal atomic movement,
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maintaining a stable lattice structure, although the presence of defects is suggested by a

strain of 0.34%.

Subsequent thermal treatment at 900 °C for 30 minutes (sample 2) results in a slight
elevation in the MgO fraction, coupled with the emergence of a small quantity of MgBa.
This aligns with our expectation that some of the pre-existing MgB2 undergoes partial
decomposition into MgB4 and Mg vapor at this temperature, with the vaporized Mg reacting
with incidental oxygen to generate extra MgO. This decomposition may introduce trace
magnesium and oxygen, slightly affecting the lattice dimensions. The reaction representing
this decomposition, as discussed in 5.2.2, is as follows:
2MgB2 — MgB4 + Mg

Differentiating between MgB> and MgO poses a challenge due to the limited number of
prominent peaks in the MgO spectrum. Notably, the most significant peak at 26 = 42.92° is
only 0.5° away from the dominant peak of MgB:> at 20 = 42.41°. Additionally, the second
strongest MgO peak at 20 = 62.30°, overlaps with the left tail of the MgB: at 20 = 63.17°.
Quantifying compositions through X-ray diffraction can be complicated, as peaks from
minor phases may be indistinguishable from the baseline. Furthermore, various factors, such
as texture, strain, instrumental broadening, and misalignment, can influence peak positions
and intensities. Therefore, interpreting the MgO peaks has consistently posed a challenge
throughout the thesis. Sample 2 also exhibits a slight increase in lattice parameters (a = 3.089
A, c=3.534 A), which can be attributed to enhanced thermal vibrations and atomic mobility.
The reduced strain (0.20%) indicates that the elevated temperature has facilitated lattice
relaxation through defect healing, resulting in improved crystallinity, even in the presence

of minor distortions from the secondary phases.
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Sample 3 underwent a sequential combination of heat treatments: the first at 700 °C for 15
minutes (as in Sample 1), followed by 900 °C for 30 minutes (as in Sample 2), and
concluding with a treatment at 650 °C for 1 hour. Each treatment step uniquely contributes
to the properties of the lattice and the overall phase composition of the material. The effects
of Samples 1 and 2 have been discussed previously. In the final heat treatment, which
extends Sample 2 to 650 °C for 1 hour, the magnesium produced from ex-situ reaction during
the second heat treatment (as discussed in Sample 2) plays a crucial role. In the absence of
sufficient oxygen, it is highly plausible that the liberated magnesium generated during the
second heat treatment (900 °C for 30 minutes) can interact with the nearby MgB4 formed
during the same treatment to regenerate MgB: during the third heat treatment step at 650 °C
for 1 hour. This has also been previously discussed in the work of Peng et al [240] and Yan
et al. [241], as presented in Section 5.2.2. This transformation enhances the weight fraction
of MgB: to 99.0% while also resulting in increased lattice parameters of a = 3.121 A and
c =3.567 A. The nucleation of new MgB. grains during this reaction likely restricts their
growth, contributing to the observed smaller crystallite size of 24.46 nm. Despite the
observed decrease in strain, the increase in lattice parameters at this stage remains
incompletely understood, even after accounting for precision and XRD-related errors. This
phenomenon may therefore warrant further investigation to clarify the underlying

mechanisms responsible for this behaviour.

Sample 4 underwent a single heat treatment at 900 °C for 30 minutes, which reflects the
conditions present within the case at the outset, as it contained unreacted Mg and B. This
treatment represents the initial heat treatment step encountered by the case, facilitating the
transformation of the unreacted materials. It reveals that executing the reaction between Mg
and B solely at the higher temperature of 900 °C, excluding the preceding 700 °C stage,

leads to a notably increased fraction of MgBa4. The reason for this could be that since all the
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tested powders mentioned were extracted from within the cases, it is probable that during
the heat treatment at 900°C, there was a significant loss of Mg at both ends of the short
lengths of case, resulting in a higher quantity of MgB4 at these points compared to the
interior. The analysis of the powders revealed the presence of MgB4 from the case ends and
the enriched region, likely contributing to the higher observed MgBy ratio. During the first
heat treatment (900°C for 30 minutes), Mg and B in sample 4 begin reacting to form MgB.
(in situ reaction) starting from around 600°C. Since the ramp-up rate of the heat treatment
is 20°C/min, it takes only 15 minutes to reach 900°C, which is relatively fast and may
accelerate Mg evaporation. At temperatures above 700°C, Mg not only liquefies but also
vaporizes in an argon atmosphere at ambient pressure [247]. Consequently, MgB: formation
occurs more slowly compared to the rapid evaporation of Mg, leading to significant Mg loss.
This likely results in the large amount of MgB4 observed in sample 4. The resulting lattice
parameters for Sample 4, a = 3.101 A and ¢ = 3.543 A, are elevated relative to the values
seen in lower-temperature treatments (such as Sample 1) due to the high atomic mobility
and thermal expansion experienced at 900 °C. The presence of MgB4 and MgO may also
slightly distort the lattice, resulting in a strain of 0.23%. Additionally, Sample 4 shows the
largest crystallite size of 112.26 nm, likely due to increased atomic diffusion at high

temperatures, which can promote crystal growth.

Finally, in Sample 5, an additional heat treatment (650°C for 1 hour) following the treatment
applied to Sample 4 results in a notably higher amount of MgB2 compared to Sample 4.
However, Sample 4 exhibited significant Mg loss, which indicates that all the MgB4 present
may not simply recombine with Mg to reform MgB.. This finding suggests that the Mg
vapor released during the initial in-situ reaction between Mg and B at 900°C in Sample 5
does not fully escape from the joint cases. Alternatively, there may be alternative

mechanisms leading to the binding of B in other compounds, such as through reactions with
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Ti forming TiBx. Further investigation is recommended to determine whether side reactions
are indeed binding the B in unintended compounds. Sample 5 also exhibits a slightly lower
MgO fraction than sample 4. This is important because if a substantial volume of MgO is
generated during the joint manufacturing process, it might generate unwanted insulating
phases within the joint region. Moreover, further heat treatment of 650 °C for 1 hour resulted
in lowered lattice parameters of a-axis: 3.085 A and c-axis: 3.526 A. Furthermore, it reduced
the strain to 0.207% and the crystallite size to 50.28 nm. Similar to Sample 1, this sample
primarily consisted of MgB., with trace amounts of MgO. It is believed that a similar effect
observed in sample 2 (forming small MgB: grains from MgB4) may also be occurring here,
as the reduction in crystallite size and the increased presence of MgB2 can be attributed to

this phenomenon.

The decomposition reaction proposed in this study, MgB4 + Mg = 2MgB>, occurs under
non-equilibrium conditions and cannot be explained by the phase diagram previously
presented in Figure 2.8. Initial studies of Mg—B phase diagrams by Okamoto et al. [248]
identified three intermediate phases—MgB2, MgBa4, and MgB-. Subsequently, Liu et al.
[249] used the CALPHAD approach to update the phase diagram, incorporating these
phases. Building on this work, Balducci et al. [76] included the boron-rich phase MgB2o,
and Kim et al. [72] further refined the Mg—B phase diagram using CALPHAD software, as
depicted in Figure 2.8. Despite these advancements, a fully validated and reliable
experimental phase diagram for the Mg-B system remains unavailable in the literature. This
limitation arises due to the high sensitivity of phase formation to Mg vapor pressure, which
has thus far complicated efforts to establish a definitive experimental phase diagram for this
system [241]. Thus, the challenging-to-predict localized vaporization behaviour of Mg
within the case and wire may have induced non-equilibrium reactions between Mg and B at

specific points in the wire and case. Consequently, the behaviour observed in this study

136



could differ from that outlined in equilibrium phase diagrams reported in the literature. As
further work, to understand the fundamental mechanism of the decomposition reaction under
the non-equilibrium conditions presented here, an experimental setup could be developed
with meticulous control and monitoring of Mg vaporization under these temperature ranges.
This would allow for a detailed investigation of potential non-equilibrium reaction presented
here.

In conclusion, these XRD findings indicate that by the conclusion of the two-stage joint-
making process, a substantial fraction (>98%) of the superconducting MgB. phase is
expected in both constituents of the joint — the wire and the filler. Leveraging the
decomposition property of MgB: at high temperatures and manipulating the heat treatment
accordingly can achieve a smooth and well-fused surface between the wire and joint filler.
By initiating MgB4 production through the first heat treatment step, triggering Mg
vaporization from both the joint and the wire, and then transitioning Mg from the gas phase
back to the liquid phase at 650°C, it is possible to react the initially formed MgBa4 to produce
new MgB> with smaller crystallite sizes. This new MgB. formation at the wire-filler

interface is believed to result in a smooth particle fusion.

6.2.4 Low current transport T, measurements on short joints

In this section, the T results of the short joints between reacted wires are measured via low
transport measurement system outlined detailed in section 3.3.5. The term "short joint"
refers to the joined state of two short lengths of superconducting wire, each measuring 2 cm
in these experiments as shown in Figure 6.6. The purpose of using a short joint in this test
is twofold: to conserve MgB; wire and to facilitate testing in the cryocooler, given its small

sample holder.
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Figure 6.6 One of the short joint example. The wires, each measuring 2 cm in length, were placed

into two holes, each 1 cm deep, drilled into the compressed Mg+B powder contained within the case.

Results obtained here can be transferred to coil after optimizing production for speed and

cost, as demonstrated later in this study.

This section aims to obtain T values and interface structures of joints heat-treated under

different conditions, as shown in Table 6.5.

Table 6.5 Heat treatment procedures and resistance-temperature values of joints. A stands for heat

treatment 900 °C -30min + 650 °C -1h and B stands for 700 °C-15min.

Sample | HT - Case | HT —Joint | Tconset | TcOffset | AT.
la Unreacted A 37.8 375 0.3
1b Unreacted A 37.7 375 0.3
lc Unreacted A 37.8 37.3 0.5
1d Unreacted A 37.8 37.6 0.2
2* Unreacted A 37.6 29.9 7.7
3 B A 37.6 323 5.3
4a Unreacted B 374 325 4.9
4b Unreacted B 37.2 339 33

*In this sample, wire tips positioned in the case as looking each other rather than looking upwards

like others (Figure 6.7, bottom).

The breadth of the superconducting transition (ATc) in the R/T plot reflects the uniformity

and purity of the MgB. sample. A narrower transition indicates a more consistent and purer

sample, while a broader transition suggests impurities or flaws.
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Sample 2 in Table 6.5, was produced with a different wire orientation compared to samples
1, 3, and 4, in order to observe the effect of pressure on joint ends and to examine the
interface between the wire ends and the filler, along with its impact on Tc¢. The wire
orientation inside the case is depicted in Figure 6.7 (note that the case is not depicted in
these illustrations). The pressing direction after the wires have been introduced to the case

has also been indicated.

Press Direction

Press Direction

V

Figure 6.7 The wire orientations inside the case of samples 1, 3, and 4 is depicted at the top, whereas

sample 2 is illustrated at the bottom.

Figure 6.8a presents resistance versus temperature plots for the reacted joint samples and
Figure 6.8b represents the interface between the joint tips and the core within the case of
samples 1a and 1b given in Table 6.5. It is evident that groups 1 (a, b, ¢, and d) and 4 (a and
b) exhibit lower residual resistance below T¢ than samples 2 and 3. Sample 2 has the wire
orientation shown in Figure 6.7 (bottom), and when prepared for SEM analysis it was clear
that there was a large void next to the scarfed wire end, Figure 6.9. This may be a result of

pressing the case with the cut surfaces of the wires positioned face to face.
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Figure 6.8 a) Resistance-Temperature plot of the samples and b) the interface quality of the sample
#la (b1, b2) and #1b (b3, b4)

Figure 6.9 SEM image showing the interface void found at the wire end in sample 2.
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The presence of residual resistance might be explained by the current path introduced
previously in scenario one shown in Figure 5.17. If the wires were superconducting, it is
most likely that the Ti and the steel of the case are contributing resistance below the

measured T, of MgB..

Sample 3 was prepared in a slightly different manner. Unlike the other cases, the case of this
sample was heat-treated at 700°C for 15 minutes (since the wire previously showed superior
Tc performance at this temperature) before the wires were inserted into it. Subsequently,
one end of the case was drilled twice to accommodate the wires. Once the wires were
inserted, the same pressure (same pressure that applied other joints) was applied to the joint.
It was inevitable that numerous cracks would be present inside the joint filler due to the
applied pressure. The purpose of this step was to observe the effect of the applied heat

treatment on interface between reacted wires and the reacted filler.

Figure 6.10 The BSE images of sample 3: a) show lower magnification of wire/filler interfaces, and
high magnification of wireffiller interfaces given in b) and c). The white arrow in "a" represents the
direction of pressure applied on the joint before the heat treatment.
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Figure 6.10 displays the BSE images of sample 3. Drilling the core of the already-reacted
case was challenging due to its hard ceramic nature, making proper wire insertion difficult
and resulting in improper placement. The wire in (c) originates from beneath the wire in (b).
Examining the interfaces, (b) shows a smooth interface with noticeable particle fusion, while
(c) has a poor interface with a distinct line between the filler and the wire. Additionally, the
scarfed wire ends show different orientations: in (b), the scarfed surface faces upward, while
in (c), it faces downward. This discrepancy suggests wire shifting during insertion or
pressure application (as indicated by the white arrow in Figure 6.10a). The wire in (c) likely

did not receive effective pressure distribution.
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Figure 6.11 EDX maps of the interface of sample 3.

Figure 6.11 illustrates the EDX maps of the interface of the wire from joint sample 3, as
shown in Figure 6.10b. The interface appears smooth, with some oxygen-rich regions
delineated by a dotted circle around the interface along the current path. This smooth
interface suggests that the applied heat treatment was sufficient for the decomposition of

MgB: and its recombination into MgB4 and Mg in both the reacted wire and the reacted
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filler. This fused interface scenario aligns with other joints between reacted wires and
unreacted cases. However, the joint exhibited a two-stage superconducting transition

(Figure 6.8a), likely due to the poor connection of the other wire end shown in Figure 6.10c.

Figure 6.12a compares the performance of joints formed between reacted wires using heat
treatments at 700, 800, and 900 °C, and the fourth one by a two-stage heat treatment at 900
°C and subsequently at 650 °C. The joint heat-treated at 700°C exhibits an onset T value of
37.8 K with a relatively broad transition, characterized by a significant tail before reaching
zero resistance. Both the onset T¢ and the sharpness of the transition improve when the joint
is heat treated at 800°C, likely due to the higher reaction temperature leading to better

stoichiometry, reduced disorder within the MgB: lattice, and enhanced uniformity of the

material through which the current flows.
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Figure 6.12 (a) Resistance-to-temperature (R/T) data for joints subjected to different processing
temperatures, and (b) the assessment of four joints, ostensibly identical, processed through the two-

step heat treatment (900 °C for 30 mins and 650 °C 1 hour) method and the wire.
Raising the temperature to 900 °C notably diminishes the joint performance. This decline is
likely due to the well-documented thermal breakdown of MgB: into non-superconducting
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MgB4 and Mgwapor), €Xpected to occur at such a high temperature under standard pressures.
However, an additional heat treatment at 650 °C significantly enhances the superconducting
characteristics of joints initially reacted at 900 °C because the decomposition reaction can
be reversed through annealing at a lower temperature. Given that the two-stage heat
treatment at 900 °C followed by 650 °C yields the sharpest superconducting transition and
the highest T. value of 38.2 K, | chose these conditions to manufacture jointed coils for

persistence measurements.

To assess the reproducibility of this process, R/T curves were plotted for four ostensibly
identical samples (J1, J2, J3, and J4) heat-treated 900 °C for 30 minutes and 650 °C for 1
hour using a current of 0.1 A and self-field. For comparison, the wire's T, data is also
presented. The reacted wire (obtained from Epoch in its reacted form) was heat-treated at
900°C for 30 minutes and 650°C for 1 hour under an Ar atmosphere to replicate the entire
reaction sequence. Figure 6.12b displays the R/T curves of all four joints along with the
wire. All four joints exhibit very similar T values (onset values ranging between 38.1 K and
38.4 K) and the wire exhibited almost same with J4’s (38.1 K of Tc and 0.2 of ATc). Sample
J3 displays a slightly broader transition than the other three, hinting at potential
inhomogeneity within the MgB: constituting the continuous path. However, no evidence of
any ohmic series resistance below the transition is observed in any of the samples. This
underscores the reproducibility of the joint preparation process in consistently achieving a
continuous superconducting pathway from one wire to another across the joint, capable of

supporting at least the low current of 0.1 A employed in these measurements.

In addition to the measurements on the steel/Ti/Mg+2B composite cases, another joint has
been produced using a Ti case and shown in Figure 6.13. The outer diameter of the Ti tube

was 6 mm, and the wall thickness 0.5 mm. Initially, the wire ends were ground, and the Ti
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tube was filled with Mg and B powder in a stoichiometric ratio of 1:2. The powder was then
hand-pressed using a metal rod and drilled twice, followed by the insertion of pre-ground
reacted wires into the holes. Approximately 200 kPa of pressure was applied using a
hydraulic pressing machine for 10 minutes, slightly lower than the previous method to
prevent wire and case breakage. The heat treatment remained consistent at 900°C for 30

minutes and 650°C for 1 hour.

Figure 6.13 The short joint comprises reacted wires encased within a titanium tube filled with a
mixture of Mg and B (stoichiometric ratio of 1:2) powder.
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Figure 6.14 R/T curves of the wire (the wire shown in Figure 6.12 (b)) and the joint shown in Figure
6.13.

Figure 6.14 depicts the R/T curves of the wire (red), given in Figure 6.12, and the joint
prepared using a Ti tube (black), as shown in Figure 6.13. The plot suggests the feasibility
of implementing this heat treatment regimen using a basic Ti tube as a case, even though its

Tc appears slightly higher (38.3 K) and AT. looks slightly worse (0.4) than the wire.
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6.2.5 Resistance and I measurements of the coil

In this section, the coil introduced in the method section underwent testing to determine its
resistance and critical current using the field decay method, as outlined in section 3.1.5. Wire
#1 from Table 6.1 was initially intended for use in short joints. However, during the coil-
making process, it proved impractical to wind this wire onto the small former we employed,
given the bending radius of the reacted wires, which was approximately 12 cm.
Consequently, the decision was made to use the unreacted wires (Table 6.1, #3) for winding
onto this coil without jointing, followed by heat treatment at 700°C for 15 minutes.
Subsequently, the joint was positioned and heat treated, as previously detailed. The

specifications of the coil are listed in Table 6.6 and shown in Figure 6.1.

Table 6.6 Specifications of the coil: The inductance has been determined utilizing the long solenoid

approximation.

Coil inner radius r 6 mm

Coil outer radius R 7 mm

Number of turns N 29
Coil length | 20 mm
Inductance L 2.8x10°H

Due to the monofilament nature of the MgB: wire, flux jumping behaviour becomes severe
at lower temperatures [125, 236] as also discussed in 4.2.3, so the results presented here are

from experiments conducted at 20 K.

To establish the connection between the circulating current (1) and trapped magnetic field
(B), the previously introduced Biot-Savart law (equation (3.3)) equation was used to derive
the field expected in the centre of the coil as a function of current, incorporating the geometry
and parameters specific to the test coil outlined in Table 6.6. The field is initially applied to

a level of Hmax, the energizing field, before being reduced back to zero or to a desired
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background field (1 T). The resulting drop (AB) in field induces a current in the
superconducting coil, effectively trapping the applied field within the coil, provided that the

joint is operating according to specifications.

Figure 6.15 (a) depicts a standard energization profile of a 1 T background field

measurement, where a peak field of 1.4 T was utilized to energize the coil.
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Figure 6.15 (a) An exemplar energization profile from a 1 T background field experiment. The
recorded field and the current obtained from equation (3.3) (b) 20 K with a 1 T field, (c) 20 K with

self-field, and (d) the recorded temperature throughout the measurement.

The rate chosen during the decrease in field strength was deliberately slower than the ascent
rate to mitigate the impact of flux jumping, an issue arising from the decay curves of the
coil, tested at 20 K and in 1 T background field or in self-field, are shown in Figure 6.16

and the resistance of the circuit was calculated using the equation (3.2). The circles on the
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graph represents the decay profile that would be observed if the coil had a resistance of 10
120 It is evident in both cases that the joint exhibits a resistance lower than 102 Q under
these conditions. In both scenarios, the resistance remained below 107? Q (Figure 6.16),
satisfying the persistence criterion unequivocally. Once persistence had been reached, the
trapped fields stabilized at 0.27 T and 0.25 T in self-field and a 1 T background field,
respectively, equating to trapped currents of 172 A and 160 A calculated from equation (3.3).
The computed resistance after stabilization for both the self-field and the 1 T decay measured
5.5 x 10 Q and 5.6 x 10 Q, respectively. These currents result in a critical current ratio

(CCR) of 78% at 20 K within a 1 T background field, based on a wire Ic of 206 A (Figure

5.6).
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Figure 6.16 Typical decay curves in self-field (top) and 1 T background field (bottom), alongside
the corresponding decay curves that would be observed if the coil had a resistance of 10 Q (red-

circles).

However, as the wire I¢ is unknown under self-field conditions, the CCR value in zero
background field cannot be computed. The I of the wire at persistent mode value is also
unknown. It is expected to be significantly lower than the I established by standard transport

measurement. If the Ic of the wire at 20 K and 1 T field were determined using the IRT
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method, it would be less than 206 A. Consequently, the actual CCR value exceeds 78%. The
primary reason for this is that, in a homogeneous sample, both types of currents (transport
current and induced current) follow the same E(J) relationship. Thus, under identical
conditions (e.g., magnetic field intensity, temperature, and electric field), both experiments
will yield matching critical current densities [211]. However, in the presence of sample non-
uniformity, localized regions with high J. may dominate the overall magnetization signal
through induced current loops, while the transport current must traverse regions with lower
Je. Consequently, in such cases, the measured transport Jc may be lower than that determined

from an inductive experiment.
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Figure 6.17 A second example of the energisation of a coil showing, after initial settling, similar

behaviour as in Figure 6.15a.

The energisation process was repeated twice and find that the coil can be warmed and cooled
and re-energised without any signs of performance degradation. Figure 6.17 shows a second

energisation with a very similar performance.

This chapter presents a novel process for fabricating persistent-grade joints in monofilament
reacted MgB: wires. The resulting wire-joint interface demonstrates excellent connectivity,
yielding residual resistances below 10" Q and achieving trapped persistent currents of 172

A in self-field and 160 A ina 1 T background field. The critical current ratio (CCR) of at
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least 78% ina 1 T field at 20 K represents the highest reported CCR for reacted MgB:> wire
joints. The subsequent step involves fabricating a joint between reacted multifilament wires.
The applicability of the method introduced in this chapter has been analysed and is presented

in the following chapter.

6.3 Conclusions

A novel joint making process has been demonstrated for introducing persistent grade joints
into monofilament reacted MgB> wires. The key stages of the joining process include
inserting reacted monofilament wires into pre-drilled holes in unreacted Mg + B powder in
a joint case, followed by a pressing operation designed to place the exposed wire ends into
close mechanical contact with the powder. Subsequently, a final two-step heat treatment
process is employed to achieve good density and connectivity, as well as a low fraction of

non-superconducting impurity phases.

Additionally, this joint fabrication method results in a well-connected interface between wire
and joint filler, leading to residual resistances below 107*® Q. Trapped persistent currents of
172 A and 160 A are obtained in self-field and 1 T background field, respectively. The
critical current ratio (CCR) is calculated as at least 78% under a 1 T background field at a
temperature of 20 K, which represents the highest value reported to date for joints made
between reacted MgB. wires. These results suggest the feasibility of a robust jointing
process suitable for manufacturing persistent mode react-and-wind MgB. magnets capable

of operating at temperatures as high as 20 K.

For future research, a detailed investigation is recommended into the observed increase in
lattice parameters of Sample 3 despite the reduction in strain, as the mechanisms behind this
phenomenon are not yet fully understood. Further studies could also examine whether side

reactions contribute to the unintended binding of boron into compounds such as TiBx in

150



Samples 4 and 5, as this could affect phase formation and reduce the available boron content.
Additionally, to explore the fundamental mechanisms driving the decomposition reaction,
MgB4 + Mg — 2MgB> under non-equilibrium conditions, an experimental setup could be
developed for precise control and monitoring of Mg vaporization within the relevant
temperature range. This approach would facilitate a detailed investigation into potential

reaction behaviours, providing insights into the underlying processes of the system.
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Chapter 7 Microstructure and Superconducting
Properties of Novel Reacted Multifilament MgB:
Wire Joints

7.1 Introduction

Multifilament superconducting wires are favoured over monofilament wires in certain
applications due to their higher current-carrying capacity and reduced screening current-
induced fields (SCIFs), especially crucial for MRI magnets where uniform magnetic fields
are essential [32]. Unlike monofilament wires, multifilament wires offer greater uniformity
in magnetic field distribution [32]. Hence, for the advancement of MgB> MRI magnet

technology, the adoption of multifilament wires is strongly recommended [250, 251].

The number of filaments within a wire can vary widely, ranging from a few dozen to as
many as 100,000 [252], depending on specific application requirements such as filament
diameter and critical current. This variation facilitates the dissipation of heat and helps
mitigate changes in magnetic fields, which can arise from mechanical energy release or the

onset of the flux jump.

On the contrary, the incorporation of multifilament wire in persistent mode MRI magnets
alone does not resolve the issue. The process of joining reacted MgB2 multifilament wires,
with a resistance of <1012 Q, and attaining high CCR presents challenges due to their smaller
filament size. Establishing a seamless interface between fine filaments and the filler material
proves challenging in comparison to monofilament MgB> conductors [77]. The more
filaments there are, the more filament-case filler interfaces need to be managed.
Consequently, despite its significant relevance in MRI magnet applications, there have been
limited successful joining outcomes reported thus far with multifilament MgB. conductors

[77, 253, 254] as also discussed in Chapter 2.
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In this chapter, following the successful creation of a joint between reacted monofilament
MgB: wires presented at the previous chapter, the exploration of whether these joint-making
strategies and the heat treatment regime can be applied to MgB2 multifilament wires is
undertaken. The chapter starts with detailing the experimental procedures, followed by a
section discussing the wire characteristics used for joint fabrication. Then, an explanation is
given regarding the characterization and test results, which include SEM, EDX, T¢, and joint

resistance, each introduced separately.
7.2 Experimental details

The procedure for fabricating joints between reacted multifilament MgB2 wires is detailed
in Section 3.1.3. Initially, unreacted wires were heat-treated at 700°C for 15 minutes for
comparison with previously used monofilament reacted wires. After joining, the wires
underwent a heat treatment at 900°C for 30 minutes followed by 650°C for 1 hour, a regime
chosen for its superior results in previous reacted monofilament MgB: joints, allowing for

potential result comparison.

To avoid wasting multifilament wires, the first step involved conducting Tc transition
measurements of short joints using low current transport measurements, as detailed in
Chapter 6. This process aimed to identify an optimal procedure before preparing jointed loop
coils. The resistance and 7 data of the joints were carefully analysed, as well as inductive

resistance testing, which was performed on the coil.

7.2.1 Wire characteristics used in the joint
The 6-filament MgB: wire used was manufactured via the PIT method by Dr. Dogan Avci
at Abant lzzet Baysal University in Bolu, Tiirkiye. Figure 7.1 depicts the multifilament

MgB:2 wire cross section utilized in this experiment.
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Figure 7.1 SE1 SEM image of the MgB- Multifilament wire cross-section.

Further details about the wire production procedure and its specifications can be found
elsewhere [255]. They produced the monofilament MgB> wire, encased in Cu/Nb sheaths,
by mixing amorphous nano-boron powder (98% purity, <250 nm size) and magnesium
powder (99% purity, 74—144 um size) in a stoichiometric ratio (Mg+2B) of 1:2. The I. data
of the wire is presented in Table 7.1, with measurements conducted at 25 Kand a4 T
background field. However, there is an absence of data for the 20 K and 1 T background

field, hindering comparative analysis with the results outlined in Chapter 6.

Table 7.1 The transport I, data of the wire used here were measured at 25 K and a 4 T background

field. The field criterion was 1 xV/cm. Data was obtained from [255].

Heat Treatment to the wire | Transport Ic (A)
650 °C - 15 min 0.65
650 °C - 30 min 0.55
650 °C - 45 min 0.5
650 °C - 60 min 0.66
650 °C - 240 min 0.58
700 °C - 60 min 0.7
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Figure 7.2 The low current transport measurement that gives resistivity vs temperature plot of wires

heat treated under various conditions. Reprinted from [255].

Figure 7.2 displays the superconducting transition profiles of wires subjected to heat
treatment at various temperatures. Notably, it exhibits a well-defined transition even at
650°C for 15 minutes and at 700 °C for 60 min. To facilitate comparison with the joint
between monofilament wires utilized in Chapter 6, the heat treatment protocol was adjusted

to 700°C for 15 minutes.
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Figure 7.3 Low current transport measurement critical temperature transition profiles of wires.

Their unreacted forms were heat treated under 700°C for 15 minutes.

In Figure 7.3, the comparison between the T. values of the Epoch monofilament wire

utilized in preceding chapters and the multifilament MgB. wire from [255] is presented. The
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applied heat treatment for both wires is identical: 700°C for 15 minutes. The Epoch
monofilament wire demonstrates superior performance in terms of T¢ onset, T¢ offset, and

AT values when compared to the multifilament wire.

The preparation of the joint and coil for the multifilament wires is described in section 3.1.3

and 3.1.5.1 respectively

7.2.2 Effect of heat treatment on wire/case interface

Following joint fabrication with reacted multifilament wires, the next step involved heat
treating the joints using similar parameters from Chapter 6. A comparative analysis was
aimed, given the superior results seen with reacted monofilament wire under the same heat
treatment (900°C for 30 minutes and 650°C for 1 hour). The prescribed heat treatment was
applied, and microstructural examination (Figure 7.4) revealed an absence of discernible
interface between filaments and filler material. Notably, wire end observations were
highlighted in specified areas denoted by blue and red dotted rectangles in Figure 7.4b and
Figure 7.4c, respectively, prompting further investigation. In Figure 7.4b, it is observed
that Cu is present until a certain point indicated by the white arrow, beyond which the
presence of Cu is inconsistent. Additionally, Nb suddenly appears, as indicated by a white
dotted circle in Nb map, although it should have been continuous since it is the filaments
barrier. However, before reaching the end of the white arrow, Nb is not visible, suggesting
that the remaining Nb embedded in Cu, or there appears to be a lack of connection between
Nb and Cu, indicating potential filament breakage. Furthermore, the region indicated by the
dotted white rectangular area in Figure 7.4b, there seems to be a void that was filled with
grinding powder during the polishing process, as evidenced by the presence of carbon (not

shown here) from the epoxy. However, this region was meant to be Cu, as it constitutes the
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matrix. This void may suggest that Cu in that region diffused into the filler material, leaving

a void behind.
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Figure 7.4 The cross-sectional SEM image of the joint interface depicts its various regions (b and

¢), along with corresponding EDX maps of those regions.

The Cu map of Figure 7.4c may support this theory, as it shows the presence of Cu within

the filler, extending even below the wire ends as indicated by the solid circle in Cu map.
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This presence of Cu was unexpected, considering that there is steel between the Cu matrix
and the filler material. Determining whether Cu has dissolved into MgB: or precipitated is
challenging due to the significant quantity of Cu present. Both scenarios are plausible. The
reaction between MgB> and Cu has been previously discussed in section 0. If Cu has
dissolved into MgBs, it could detrimentally impact the superconducting properties of MgB>

by potentially reducing the amount of magnesium through reaction.
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Figure 7.5 EDX spectrum of the region shown by a red dotted area in Figure 7.4c

Figure 7.5 displays the EDX spectrum from the red region in Figure 7.4c, revealing
prominent Cu peaks alongside Si, Ti, O, and C peaks. Si and C likely stem from the polishing
process, while Ti may have transferred from the case barrier during polishing. According to
the binary phase diagram (Figure 7.6), Mg-Cu reaction likely initiates around 460°C with
approximately 33% Cu content, forming MgCu.. Kario et al. [97] studied the impact of heat
treatment temperature on ex-situ MgB:z and copper sheath efficiency. They found that 750°C
treatment yielded optimal results, with minimal Mg-Cu reaction, showcasing 90 wt% MgB:
and only 1 wt% Mg-Cu secondary phase. However, at 800°C, MgB: content decreased to
88 wt%, while Mg-Cu secondary phases increased to 2 wt%. Zhou et al. [158] investigated

different sheath materials' effects on wire Jc properties. They observed adverse impacts on
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Cu-sheathed tapes above 800°C, leading to significant bubbling and tape damage, resulting
in Jc loss. Chen et al. [159] examined copper incorporation in both in-situ and ex-situ

settings. They found significant Mg-Cu reaction above 800°C in samples heat treated

between 600 and 900°C for one hour.
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Figure 7.6 Binary Cu-Mg phase diagram [256]

Therefore, it was hypothesized that the mobility of copper occurred during the initial heat
treatment, conducted at 900°C for 30 minutes, which is close to the melting point of copper
(1085°C). Thus, it was deemed prudent to explore another joint-making approach by
eliminating the copper at the end of the wire intended for placement within the case.
Consequently, the wire ends were etched using a 35% concentrated HNO3 solution for 10
minutes. After the etching process, both the steel and Cu were removed, leaving behind six

Nb-encased Mg+2B powder filaments, as depicted in Figure 7.7a.

Figure 7.7 a) Etched MgB. multifilament, and b) short joint made using the etched wire.
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The wire depicted in Figure 7.7a was heat treated at 700°C for 15 minutes under an Ar
atmosphere following which the tips of the filaments were carefully ground using a large
grinding wheel. Subsequently, the wires were inserted into the predrilled holes of the joint
and pressure was applied on it. Then, resulting joint is shown in Figure 7.7b. Afterwards,
the joint underwent heat treatment at 900°C for 30 minutes and 650°C for 1 hour under tube
furnace and Ar atmosphere. The main purpose of this heat treatment is to determine whether
the pre-worked procedure for joints between monofilament MgB. wires would also be

effective for joints between multifilament MgB: wires.

50um

Figure 7.8 SEM and EDX images of the interface between the end of one filament and the filler

material of the joint.

The sample preparation for SEM analysis was previously introduced in section 3.2.5 and the
interface between the filament and filler is depicted in Figure 7.8. Inside the case, there were
six different filaments, making it challenging to obtain their interfaces without damaging
them during the polishing process. Nevertheless, it was observed that there is a small

connection between one filament and the case filler.

As indicated by the SEM image, the interface appears quite smooth and well-connected. The

EDX spectrum of the red circular area (the current path) shown in Figure 7.8 is given in
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Figure 7.9. The presence of C, Si, and Ti is also evident in this spectrum, mirroring

observations from the preceding analysis (Figure 7.5).
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Figure 7.9 The EDX spectrum of the red dotted circular area given in Figure 7.8

Additionally, Fe is detected here, contrasting with the spectrum provided in Figure 7.5. This
presence can be attributed to the inadvertent smearing of steel from the outer sheath of the
case during the polishing process, as indicated by the Fe accumulation shapes depicted in
Figure 7.8, where Fe particles appear to fill voids and manifest as localized clusters. In
contrast to Figure 7.5 the intensity of Cu peaks is notably diminished in this spectrum thanks
to the etching. However, the persistence of Cu after etching suggests that the 10-minute
etching duration may have been insufficient. Discrete localizations of Cu may indicate the
presence of Cu precipitations at the interface. Conversely, continuous Cu presence,
particularly inside and outside the wire as highlighted by arrows, may suggest Cu diffusion.
Nevertheless, this observation is pivotal in assessing the efficacy of the heat treatment
regime in achieving a smooth interface between the smaller filaments and the filler material
using same joint making methodology discussed in Chapter 6. Additionally, an amount of

oxygen is evident as seen at the other MgB: interfaces presented previously, likely stemming
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from the polishing and the etching process, which could lead to oxidation on the outside of

the Nb barrier.

Subsequently, a coil was produced in accordance with the procedure outlined in section
3.1.5, followed by etching the wire with 35% concentrated HNO3s for 20 minutes. The
remaining steps of the procedure remained consistent with those outlined in the
corresponding method section. Upon completion of coil measurements (outlined in the next
section), the joint was deliberately ripped off from the coil and subsequently sectioned for

SEM investigation.

100pm

Figure 7.10 The interface BSE image and EDX maps of the joint which was detached from the coil.

Figure 7.10 displays the interface of the joint detached from the coil and a smooth interface,
akin to that observed in Figure 7.8, is evident. However, despite the 20-minute etching
process, traces of copper persist, albeit with significantly reduced peak intensities, as
depicted in Figure 7.11, corresponding to the blue circular region highlighted in Figure

7.10.
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Figure 7.11 EDX spectrum of the area highlighted in Figure 7.10

A homogeneous presence of Cu at the interface may indicate that Cu has diffused into MgB..
Additionally, the presence of small Cu clusters suggests the possibility of local Cu
precipitations. While one of the filament/filler interfaces exhibited a smooth interface, the
status of the remaining interfaces between the filaments and the filler are unknown.
Therefore, if these interfaces were poor, they could potentially affect the T profile (resulting

in high AT¢) and contribute to residual resistance, as investigated in subsequent section.

7.2.3 Low current transport T, measurements on short joints

After implementing the jointing process devised for the reacted monofilament wires outlined
in Chapter 6 to join the reacted multifilament wires, low current transport measurements was
conducted to those joints using a current of 0.1 A, following the procedure outlined in
section 3.3.5. Figure 7.12 illustrates the normalized resistance versus temperature plots of
the joints. The red and blue curves represent the joints between reacted multifilament wires,
while the black curve depicts the T¢ transition of the joint between reacted monofilament
wires, sample 1a shown in Figure 6.8. Specifically, the red data curve corresponds to the
joint showcased in Figure 7.4, exhibiting minimal transition compared to other samples.

However, two small transitions are faintly discernible shown by arrows.
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Figure 7.12 The low-current transport measurement results of the joints are as follows: the
red data points represent the short joint produced by the reacted multifilament wires, with
its SEM image provided in Figure 7.4; the blue data points depict the joint that was detached
from the coil, accompanied by its SEM image in Figure 7.10; and the black curve
correspond to the joint between reacted monofilament wires introduced in Chapter 6, as

shown in Figure 6.8. Green arrows are showing the transitions.

Reason for the elevated resistance is evident from its SEM image (Figure 7.4), revealing a
lack of connection between filaments and the filler. Conversely, the blue curve corresponds
to the sample featured in Figure 7.10. Its transition is superior to the red curve, indicating a
connection between the wire and the filler. However, residual resistance persists below the
Tc, and the ATc is broader (~5.6) compared to the black curve. Two transitions may arise
from differences in manufacturers: the multifilament wire has a T¢ of approximately 35 K,
while the Epoch wire (representing the case filler) has a T¢ of about 38 K as illustrated in
Figure 7.3. Therefore, the first transition may signify the superconducting state of the case,
while the wires remain non-superconducting. Regarding residual resistance, if the
connection between the filaments of one wire and the filler is inadequate, additional
resistance may occur, increasing the residual resistance. Managing all filaments effectively
poses a significant challenge in joints made with multifilament wires, compounded by the

inability to individually inspect each filament.
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7.2.4 Resistance and I measurements of the coil

After the completion of the short joint production and low current transport measurements,
the subsequent procedure involved the fabrication of a coil, as detailed in section 3.1.5 and
as shown in Figure 7.13. The SEM images and EDX maps of the interface between the

filament and the filler is depicted in Figure 7.10 and its low current transport measurement

performance is given in Figure 7.12 with blue curve.

" Joint Case I

Multifilament
MgB, wire

Initially, the unreacted wire was wound around the coil and subjected to heat treatment at
700°C for 15 minutes. The rationale for this action was previously discussed in Chapter 6,
specifically concerning the limited bending radius of the reacted wires. Following this, the
wire ends underwent etching with 35% concentrated HNOs for 20 minutes. Subsequently,
the filaments were gently scarfed and inserted into the pre-drilled holes of the case, followed
by a gentle pressing for 10 minutes. The joint was then subjected to heat treatment at 900°C
for 30 minutes, followed by 650°C for 1 hour. Thereafter, the coil underwent testing utilizing
the IRT measurement outlined in section 3.3.6. The specification of the coil is given in Table

7.2.
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Table 7.2 The specifications of the coil include the determination of inductance using the long

solenoid approximation.

Coil inner radius r 6 mm

Coil outer radius R 7 mm

Number of turns N 20
Coil length | 20 mm
Inductance L 28x10°5H

The result of this test is presented in Figure 7.14.
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Figure 7.14 Inductive resistance testing data of the coil under 20 K and self-field.

Approximately 0.5 T of external magnetic field was applied to the coil using the MFM under
20 K, as outlined in section 3.3.6. The temperature was set to 20 K for the purpose of
comparing the potential results with the joint introduced in Chapter 6. The voltage was then
measured using a Hall probe situated inside the cryostat. Subsequently, the results were
assessed and analysed using equation (3.3). Unfortunately, no trapped current was detected,

as the voltage dropped to zero upon removal of the external field.

Although one of the interfaces appears satisfactory, it is evident that excessive resistance
persists in the joint, likely due to poor quality of the interfaces between other filaments and

the filler. Additionally, as evident in the blue curve depicted in Figure 7.12, two T¢
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transitions and a considerable amount of residual resistance are observed. The dual
transitions may be attributed, as previously discussed, to mismatches between the case and
wire materials. Therefore, ensuring similarity in the characteristics of the case and wire in
the joint to be made may be important. Further research into this procedure is warranted, as

it shows promise but requires additional investigation.

This chapter provides key insights into the interfaces and performance of joints and coils
made from reacted multifilament MgB: wires. Microstructural analysis revealed challenges
in achieving smooth interfaces, with residual copper and voids affecting uniformity.
Consequently, copper was significantly reduced through etching, leading to improved
material compatibility. Low-current transport tests on non-etched joints indicated high
resistance and poor superconducting transitions, whereas etched joints showed improved

performance with lower resistance and dual T transitions, suggesting partial connectivity.
7.3 Conclusions

The experimental results provided key insights into the joints' interfaces and the
performance of coils fabricated using reacted multifilament MgB2 wires. Microstructural
analysis revealed challenges in achieving smooth interfaces between filaments and filler
material, with residual copper and voids indicating issues with uniformity and continuity.

Efforts to remove copper through etching significantly reduced its presence.

Low-current transport measurements on short joints (without etching) showed minimal
transition and elevated resistance, suggesting poor filament-filler interface quality and
incomplete superconducting behaviour. Joints using etched wires displayed improved
performance with residual resistance and dual T transitions, indicating some successful

filament connections but also material mismatches between the case and wire.
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These findings highlight the need for optimization in the joint-making process, particularly
in enhancing filament-filler interface integrity and material compatibility. As part of further
work, it may be considered to create joints using MgB: fillers with wires made from the
same material. Specifically, it is advisable that if a wire is produced with a particular Mg+B
composition under specific conditions, the filler material inside the case should also be
manufactured under the same conditions. Otherwise, as observed in this study, two different

critical transition temperatures may be encountered.
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Chapter 8 Bi-2212 - MgB. Dissimilar Joint
Production Processes

8.1 Introduction

Heine et al. [257] produced the first high-temperature superconductor wire in 1989, Bi-2212
(Bi2Sr2CaCu20s). However, it was not suitable for high-field applications until 2014 when
the Bi-2212 processing technology under hyperbaric oxygen pressure was developed by
Larbalestier et al.[258], making it suitable for high-field (> 30 T) magnet applications. Bi-
2212 is particularly well-suited for high-field magnets because it can be manufactured as
round wire, which is preferred by magnet designers and builders. Unlike other high-
temperature superconductors like YBCO (YBa2CuzO7) and Bi-2223 (Bi2Sr2Ca>,CusOx1o),
which are available only as flat tapes, Bi-2212 round wire offers greater versatility in terms
of architectural configurations, ease of cabling, and isotropic electromagnetic properties

along its length [259].

Bi-2212 round wire manufacturing begins with a precursor powder, which is shaped into
wire using the PIT process. Silver is chosen for the tube material due to its non-reactivity
with Bi-2212 components, resistance to oxidation at high temperatures (900°C), and
permeability to oxygen, optimizing the oxygen content in the superconducting phase. The
as-drawn PIT Bi-2212 wire is not superconducting and requires heat treatment to form
aligned, connected grains capable of carrying supercurrent. Coils made with this wire
undergo a "wind-and-react” process, where they are wound with the as-drawn wire and then

heat treated due to wire brittleness post-treatment, preventing direct coil winding.

Bi-2212 round wires hold promise for MRI/NMR applications like MgB2 and Nb-Ti. Yet,
creating low-resistance joints between Bi-2212 wires poses a significant challenge. In MRI

scanners, the entire magnetic circuit requires resistance values below 10712 Q for persistent
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mode operation. Several methods, such as soldering with PbBi [260] and Pb-free solders
[261, 262], as well as powder-in-tube melting processing [263], are explored for achieving

low-resistance joints between Bi-2212 wires.

In this chapter, | explored the possibility of using MgB: as a filler joint material between Bi-
2212 wires, a novel approach not found in existing literature. The primary focus was to
investigate the chemical compatibility of the interface between Bi-2212 and MgB: during
joint heat treatment. Additionally, I examined whether the joint-making strategy introduced
in Chapter 6 could be applied to Bi-2212 multifilament wires using an MgB: case. The
chapter begins with a detailed overview of the experimental procedures, followed by a
discussion on the wire characteristics used for joint fabrication. Subsequent sections cover

the characterization and test results, including SEM, EDX, T, and joint resistance analyses.
8.2 Experimental details

The experimental procedure for fabricating joints between reacted multifilament Bi-2212
wires follows a methodology similar to that used in previous chapters (Chapter 6 and
Chapter 7), as outlined in section 3.1.4. Initially, wires obtained in a reacted form were
scarfed at the ends. Pre-drilled holes in unreacted MgB. cases were partially loaded with
Mg+B powders in a 1:2 stoichiometric ratio to ensure contact with the filaments' ends and
MgB:. Scarfed Bi-2212 wires were then inserted into these holes, and a pressure of 1.7 MPa,
similar to MgB: joints, was applied. The assembly underwent heat treatment at 700°C for
15 minutes, based on prior optimization for Epoch-made MgB.. Resistance and T transition
measurements were conducted on short joints through low current transport measurement to
determine the optimal method before preparing jointed loop coils, ensuring efficient wire

usage.
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In the coil making process, the wire was initially obtained in its unreacted state and wound
around the former, as detailed in section 3.1.5.2. It then underwent heat treatment under a
box furnace, using the W&R method. This method was applied to prevent wire breakage or
damage during winding, considering the brittleness of the reacted Bi-2212 wire and the
smaller diameter of the former used. After that, the wire ends were gently polished using a
grinding wheel. Mg+2B powder was added into the holes, and wires were inserted into the
pre-drilled case and subjected to heat treatment using a tube furnace at 700°C for 15 minutes.
Following this, two short joints were acquired, one of which was detached from the coil,
while the other was created as a short joint utilizing the thermal treatments described above.
The samples underwent characterization, followed by analysis of their resistance and T data.

Subsequently, inductive resistance testing was performed.

8.2.1 Wire characteristics used in the joint

The winding of a small Bi-2212 superconducting coil and the fabrication of the short joint
utilized Bi-2212 multifilament round wire obtained from Bruker-OST. The specifications of
the wire are detailed in Table 8.1 and a cross-sectional SEM image of the reacted Bi-2212
round wire is provided in Figure 8.1. The optimized heat treatment procedure for the
unreacted Bi-2212 wire involves heating to 895°C for 0.5 h, followed by final annealing at
835°C for 60 h in an oxygen flow of 600 cm® min~1. This heat treatment procedure provided

the best Jc performance according to the literature [264, 265].

Table 8.1 Bi-2212 wire specifications [266].

Number of Filaments 55 x 18
Stabiliser Ag
Diameter of the wire ~0.9mm
Filament size ~12 um
Je(42K,5T) ~ 1400 A mm2
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Figure 8.1 The cross-sectional SEM image depicts the reacted 55 x 18 (it indicates there are 18
bundles each containing 55 filaments) filament Bi-2212 manufactured by Bruker-OST [266]
(Copyright © 2023, IEEE). White regions are Ag and blacks are Bi-2212.

To prepare the short joint, the wires were first cut into small pieces, each measuring 2 cm in
length. Subsequently, the steps for joint fabrication were carried out in accordance with the
procedures detailed in section 3.1.4. In the preparation of the coil, the wind and react method
was employed. The joint was positioned within the reacted coil using the procedure

delineated in section 3.1.5, followed by the heat treatment.

8.2.2 Effect of heat treatment on wire/case interface

The primary focus is on assessing the suitability of applying this heat treatment method
(700°C for 15 minutes) to Bi-2212 joints. As a result, samples underwent microstructural
analysis following the transport measurements. The sample preparation procedures for the
SEM characterisation followed the same guidelines outlined for previously introduced

joints.

Figure 8.2 illustrates the wire-filler interface of the short joint at low magnification. The
area marked by white dots represents a part of the drilled section of the case, which was
filled with Mg+2B powder just before the heat treatment and prior to inserting the wires into
the holes. It was observed that the wire did not fit snugly into the hole completely, and the

powder in that area was not as compact as the MgB: filler.
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Figure 8.2 SEM image of a typical region of the interface between MgBs: filler and the Bi-2212 wire.

Thoroughly compacting the Mg+2B powders subsequently poured into the holes and firmly
inserting the Bi-2212 wires into the holes can enhance the connection between the wire and
the MgB: filler. Upon examining the wire-case interface, Figure 8.3 displays SEM (a-b),
BSE (c-d) images, and EDX maps of two distinct regions. Figure 8.3c corresponds to the
BSE image of a, while Figure 8.3d corresponds to the BSE image of b. Demonstrating both
imaging modes is crucial, especially since voids may not be readily discernible in BSE
images. However, distinguishing between phases can be challenging in SEM images. The
presence of Bi, Sr, and Cu outlines the position of the Bi-2212 filaments, as indicated by
solid white arrows in the Cu map of Figure 8.3a-c. Yet, direct evidence of the filament-case
filler interface is lacking due to the need for higher magnification. Oxygen abundance at the
interface is notable, as depicted in the O maps of both regions. During heat treatment,
Mg+2B powder is susceptible to oxygen, as Mg readily reacts with oxygen even at low
temperatures as discussed in section 2.4.3.1. A small oxygen cluster highlighted in Figure
8.3a-c indicates this susceptibility. An EDX spectrum of this area revealed 43.94% B,
32.81% O, and 21.39% Mg suggesting the presence of Mg-B-O compounds at the interface

(as previously seen in section 4.2.2).
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Figure 8.3 SEM (a-b) and BSE images (c-d) of two distinct interface regions, accompanied by EDX
maps of these interfaces. In BSE images, white represents Ag, dark blacks denote voids, black
indicates MgB,, and greys represent different phases (refer to the text for details). Solid arrows
indicate the position of Bi-2212 filaments, dashed arrows denote clusters of corresponding atoms

and dashed rectangles showing gaps.
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The dashed rectangles shown in the Mg maps signify voids, a feature discernible upon
inspection of the SEM images (a-b). Additionally, these voids imply either incomplete
insertion of the wire due to the narrow-drilled hole or hindrance from the added Mg+2B
powder preventing further wire insertion. Pushing the wire further into the holes to compress

the powder may serve as potential solutions to address this issue.

When considering the various phases observed in the BSE images in both images ¢ and d,
the point analysis spectra were labelled as 1, 2, 3, 4, 5, 6, 7 and 8, and their EDX spectrums
are provided in Figure 8.4. The rationale behind specifically selecting these regions is that
Spectrum 1 represents the interface, while Spectrums 2 and 5 are located inside the filler
close to the interface, Spectrums 3 and 4 are control points for Ag sheath of the wire and the
MgB: filler inside the case respectively. Spectrums 6, 7 and 8 are located slightly further
inside the wire. Therefore, gaining insight into these distinct regions could elucidate

potential reactions that occurred between the wire and the filler.
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Figure 8.4 The spectrum of elements obtained from EDX point analyses of the regions depicted in
Figure 8.3a-b

The atomic percentages of those elements that were obtained from the Aztec software is
given in Table 8.2. Additionally, the software-reported error for each element in each

spectrum for this sample is less than + 0.20% and is not indicated in the table.
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Table 8.2 Atomic fractions of the spectrums. Note that impurities such as C and Si were detected but

not included to the table.

Atomic %
Spectrums

Bi Sr Ca Cu 0] B Mg Ag
1 0.17 0.1 0.36 | 0.37 9.8 50.7 274 11.2
2 - - 0.1 - 23.6 28 40.3 7.8
3 - - 0.2 - 18.6 - 13.8 67.4
4 - - - - 8.3 64.6 25.8 1.3
5 0.13 - 0.13 0.6 15.3 43 30 11
6 277 | 177 0.6 0.21 49.8 - 42.1 2.76
7 0.44 1.2 0.9 1.9 48.7 - 34,7 12.2
8 11 1 - 2.9 21 - 32.8 41.2

In spectrum 1, prominent peaks of B and Mg are evident, accompanied by observable Ag
peaks alongside O, suggesting the significant presence of MgB2 with oxygen. However, the
structure lacks the typical porous appearance of MgB> and appears dense, indicating a

potential Mg-Ag reaction.

In spectrum 2, there's a notable presence of Mg and approximately half the quantity of B
compared to spectrum 1. Oxygen concentration appears elevated, while Ag quantity is
slightly diminished. The region appears slightly darker, possibly due to lower Ag presence.
The reduced B quantity and increased Mg, along with oxygen, may suggest a reaction

between Mg and O.

Spectrum 3 serves as the control point, representing the silver sheath. Oxygen presence may
result from both polishing and Bi-2212 filaments. Notably, Mg is present, possibly due to

Mg diffusion into Ag, forming an Mg-Ag alloy. Mg comprises approximately 18% of the
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region's atomic composition, while Ag constitutes around 82%. Consulting the Mg-Ag phase
diagram (Figure 8.5) suggests the plausible formation of the AgsMg. Despite monovalent
Ag's limited solubility in divalent Mg, divalent Mg exhibits greater solubility in Ag favoured

by the atomic size alignment, albeit constrained by valency differences.
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Figure 8.5 Binary phase diagram of Mg-Ag [267] (Copyright © 2021, Elsevier Ltd.)

Spectrum 4, like Spectrum 3, serves as a control, originating from the MgB: filler inside the
case. Expectedly, it exhibits notable amounts of Mg and B, alongside oxygen. Oxygen
presence within the filler is inevitable due to trapped air during powder pouring into holes

and oxygen introduced during polishing.

Spectrum 5, dominated by B and Mg, also shows noticeable Ag presence, alongside oxygen.
This suggests the presence of MgB2 accompanied by silver. However, the topography differs
from typical porous MgB: regions, as seen in Spectrum 2, hinting at a denser structure

possibly containing an Ag-Mg compound.

Spectrums 6 and 7 stand out as the darkest regions within the wire in the BSE image (d).
Spectrum 6 reveals notably high levels of Mg alongside oxygen, with ratios of 42% and
50%, respectively. Similarly, spectrum 7 shows significant levels of Mg and O, with a

notably higher presence of Ag compared to spectrum 6. Oxygen levels remain consistent,

177



while magnesium concentration decreases discernibly, with no overlap of peaks observed.
SEM examination of the region in Figure 8.3b reveals that spectrums 6 and 7 are within
voids. Trace amounts of Bi and Sr suggest these voids may have been filaments originally,
possibly losing powder during polishing. While these voids may have been filled with MgB>
during polishing, the absence of B in those regions is noteworthy. Detection of Mg in inner

wire regions, especially in these areas, is significant.

Spectrum 8 indicates another region suggesting potential formation of a Mg-Ag alloy, with
an atomic percentage of 41% for Ag and 32.8% for Mg. Referring to the binary phase
diagram of Mg-Ag in Figure 8.5, it's plausible that an AgMg alloy may have formed in that

region.

Subsequently, the joint detached from the coil was examined. Significantly, less additional
Mg+2B powder was used, with wires inserted into the holes to maximize powder
compression. Following prescribed joint-making procedures and the designated heat

treatment regimen, a detailed examination of the interface microstructure was conducted.

Figure 8.6 SEM image of the joint that was ripped off from the coil.
Figure 8.6 shows the wire placement within the pre-drilled case. The area with pre-added

Mg+2B powder, marked by dashed rectangles, appears slightly denser compared to the
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preceding joint in Figure 8.2. However, it seems that the wire did not fully penetrate the
final segment of the hole due to the hump indicated by the white arrow. To address this

issue, slight expansion of the holes could facilitate wire insertion.

Figure 8.7 displays the interface of the joint detached from the coil, showcasing its SEM(a)
/ BSE(b) images and EDX maps. Compared to the short joint in Figure 8.3, this interface
demonstrates improvements in powder compaction and a reduction in large voids. Notably,

there is no significant cliff-like feature observed at the interface, unlike in the previous joint.

Figure 8.7 SEM (@) and BSE (b) images illustrating the interface of the joint detached from the coil,

accompanied by EDX maps.

However, local voids within the MgB: filler are noticeable, and a notable amount of Mg is

detected just inside the wire, suggesting potential Mg diffusion. Additional phases are also

179



present, warranting further investigation to identify any deviations from the previous joint.
Point spectrums were marked on the BSE image to facilitate detailed analysis. Control
points, identified as Spectrums 7 and 8, represent the Ag sheath and MgB: filler,
respectively. Spectrums 1, 2, 3, and 5 are positioned within the filler, with 1, 2, and 3 closers
to the interface. Spectrums 4 and 6 are situated within the wire, showcasing noticeable
differences. Further details on the spectrums can be found in Figure 8.8, while
corresponding atomic fractions are listed in Table 8.3 for each spectrum. The error rates for
B are notably high across several spectra. These elevated error levels indicate significant
measurement uncertainty for B, which could compromise the accuracy of its detected

concentration.
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Figure 8.8 Atomic fractions of the point analysis shown in Figure 8.7

In spectrum 1, positioned within the MgB: filler and in proximity to the interface, a notable
contrast difference is observed, appearing denser compared to its surroundings. It reveals an
atomic percentage of 50.4% for Mg, 22.36% for B, 21% for O, along with 5% for Ag. This
spectrum bears resemblance to Spectrum 2 previously depicted in Figure 8.3, suggesting

consistency of this phase at the interface.
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In spectrum 2, an atomic percentage of 34% for Mg, 15.4% for B, and 14.7% for O is
observed, along with a notably high amount of Ag at 33.4% atomic concentration,

contributing to the region's brighter appearance.

Table 8.3 Atomic fractions of the spectrums of the joint that ripped off from the coil. Note that

impurities such as C and Si were detected but not included to the table.

Atomic %
Spectrums
Bi Sr Ca Cu 0] B Mg Ag
1 - - - 0.3 21.28 | 22.36 | 50.4 583
Error £ % = = = 0.24 0.73 3.35 1.92 1.02
2 0.6 - - 2.0 14.7 154 33.9 334
Error+=% | 0.29 - - 0.21 0.3 0.93 0.23 0.8
3 - - 0.1 0.3 25.9 7.8 61.4 4.38
Error £ % 0.12 | 0.26 0.95 4.4 2.75 1.01
4 1.0 - 0.2 0.9 27.9 - 43.8 26.2
Error £ % 0.4 - 0.11 | 0.25 0.4 - 0.28 0.52
) - - 0.17 - 18.2 37.8 43.8 -
Error + % = = 0.2 - 15 5.7 4.4 -
6 1.33 | 0.57 0.6 0.5 53.9 - 34 9.1
Error £ % 0.5 0.3 0.13 0.3 0.5 - 0.4 0.5
7 0.9 0.24 | 0.18 0.5 23 - 6.3 68.9
Error+ % | 0.21 0.3 0.13 0.2 0.41 - 0.52 0.32
8 - - 0.37 - 21.2 16.6 58.5 2.7
Error £ % - - 0.21 - 0.43 25 0.62 0.23

181



This point is situated relatively close to the wire, which likely accounts for the elevated Ag
content. Spectrum 2 can be compared to Spectrum 5 in Figure 8.3; however, the Ag content
here exceeds that of Spectrum 5. Interestingly, this region appears as an isolated island,
indicating no direct connection to the wire sheath, the primary source of Ag. Itis conceivable
that this portion may have been transferred to the interface from the wire during the polishing
process, given its similarity in Mg and Ag concentrations to Spectrum 4 in Figure 8.7b,
which was obtained from the wire. As proximity to the wire increases, the Ag content is
observed to rise as expected. Additionally, it is noteworthy that Mg is also present along
with Ag to a certain extent within the wire, as indicated by the solid white rectangle in the

Mg map.

In spectrum 4, located within the wire and close to the interface, a distinct contrast is evident.
It bears resemblance to a Mg-Ag alloy, akin to spectrum 8 observed in Figure 8.3, given the
substantially higher concentrations of Ag and Mg at 26.2% and 43.8% atomic percentages,
respectively. This observation may suggest that at the very ends of the wire, Mg reacts with
the Ag sheath, resulting in the formation of various Ag-Mg alloy configurations contingent

upon the concentration of these atoms.

In spectrum 5, located within the MgB: filler and notably distant from the interface, an
intriguing observation is made: the topography appears dense, lacking the typical porous
nature associated with MgB2. These regions with denser appearance exhibit elevated
concentrations of B, as highlighted by the white dashed regions in B map along with O. This
may suggest that nonstoichiometric Mg-B-O may be the primary compound in this region.
As discussed in Chapter 4, an increase in the amount of Mg typically corresponds to an
increase in porosity; however, in this case, the denser regions with higher B concentrations

display fewer pores.
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Spectrum 6 is positioned within the wire, displaying a distinct contrast compared to its
surroundings. A notable presence of oxygen is detected at 54% atomic concentration, while
Mg comprises almost 34% atomic concentration, with no detection of B. Interestingly, the
concentration of silver is remarkably low, even within the wire. This observation may
indicate that Mg located at the interface potentially diffused through the filaments and
reacted with oxygen. Additionally, Bi, Sr, Ca, and Cu were identified with deviated ratios.
The presence of a specific quantity of oxygen could potentially originate from the Bi-2212

ceramic.

Spectrums 7 and 8 serve as the control points for the Ag wire sheath and the MgB: filler,
respectively. They have demonstrated atomic fractions approximately in line with the

expected values for their respective locations.

In summary, various phases have been observed, particularly in the vicinity of the interface.
Additionally, it is evident that at the initial segments of the Bi-2212 wire ends, Ag reacts
with Mg, resulting in distinct contrasts in BSE images. The formation of these alloys

depends on the atomic concentrations present during these specific reactions.

8.2.3 Low current transport T. measurements on short joints

The low current transport measurement of both the short joint and the joint ripped off from
the coil is conducted to determine their T properties. The short joint, illustrated in Figure
8.94, is situated on the sample holder as depicted in Figure 8.9b. Subsequently, it undergoes
measurement in accordance with the procedures delineated in Section 3.3.5. The resulting
transport measurement outcomes are presented in Figure 8.9c-d. The lines represent the
approximate T¢ transitions of the samples determined as the first deviation of the curves. The
1%t and the 2" lines indicate the first T transitions of the short joint and the joint detached

from the coil with values approximately 84 K and 80 K, respectively.
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Figure 8.9 Bi-2212-MgB: joint making attempt: a) reacted Bi-2212 wires inserted inside pre-drilled
holes in the MgB, case, b) the joint mounted to the sample holder for low current transport
measurement, ¢) transport measurement results showing T, transitions, d) T transitions of the MgB»

fillers.

The 3 and 4™ lines denote the second stage Tc values of the short joint and the detached
joint from the coil, with values approximately 37 K and 35 K, respectively. The reason for
the resistance drops in both the 1% and the 2" lines are attributed to the high T¢ value of the
Bi-2212 wires. As a result, when the system reaches the T of the MgB: filler material, its
resistance diminishes, and the remaining resistance typically arises from non-
superconducting compounds at corresponding temperature, along with voids that impede the
flow of supercurrent along the current path. The most probable location for these insulating

phases is the Bi-2212/MgB: interface, as discussed in the previous section.

As observed in Figure 8.9d, the residual resistance of the short joint below the T¢ of the
MgB: is higher than that of the joint detached from the coil as highlighted by green dashed
circle. This difference may be attributed to the significant cliff at the interface and the
additional by-products in the short joint, as discussed in Figure 8.3. Conversely, similar by-
products have been observed in the cut joint, yet the residual resistance is nearly zero,

indicating the successful establishment of a superconducting current path between Bi-2212
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filaments and the MgB: filler. It is crucial to emphasize that the voltage sensor's sensitivity
in the low-current transport measurement system is not exceedingly high. It can detect the
voltage corresponding to a minimum resistance of approximately 10 Q (see section 3.3.5).
As a result, immeasurably low resistances may still remain undetected. IRT measurements
provide a more accurate insight into the resistance levels. Further details about this

measurement are outlined in the subsequent section.

8.2.4 Resistance and I measurements of the coil

Despite the presence of residual resistance below T of MgB, it was deemed worthwhile to
fabricate a coil for testing the persistence of the joint. Consequently, a coil was prepared
using the method described earlier in Section 3.1.5.2 and coil's geometry and dimensions
outlined in Table 8.4. The measurement was conducted within the MFM, as introduced in

section 3.3.6, under conditions of 20 K and self-field.

Table 8.4 The specifications of the coil include the determination of inductance using the long

solenoid approximation.

Coil inner radius r 6 mm

Coil outer radius R 7 mm

Number of turns N 15
Coil length | 20 mm
Inductance L 16x10°H

At the outset, the externally applied field is set to a magnitude of 0.5 T, serving as the
energizing field, and is subsequently diminished to zero. This decreases (AB) in the field
induces a current within the superconducting coil, effectively confining the applied field

within the coil, provided that the joint operates within specified parameters.
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Figure 8.10 Field decay measurement test. a) measured field as a function of time at 20 K and self-
field.

Figure 8.10 depicts the energization profile utilized for the self-field measurement, wherein
a peak field of 0.5 T was utilized to energize the coil. The measurement was halted after the
760" second upon noticing that there was no significant current trapped within the coil. This
implies that the shielding current generated in the coil in response to the decay of the external

field dissipated rapidly.

The experimental results revealed significant challenges, with residual resistance observed
in the joints due to the formation of non-superconducting compounds at the interface. EDX
maps and point analyses indicated the presence of Mg and Ag compounds at the interface,
suggesting the formation of non-superconducting or low T¢ superconducting compounds.
Overall, while the use of MgB: as a filler joint material shows promise, further optimization
of the jointing process is necessary to minimize residual resistance of Bi-2212-MgB:

dissimilar joints in future work.
8.3 Conclusions

In conclusion, this chapter examined the production processes and experimental outcomes
of dissimilar joints between Bi-2212 and MgB: wires. Furthermore, the feasibility of

utilizing MgB: as a filler joint material between Bi-2212 wires was investigated. The
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experimental results highlighted significant challenges, with residual resistance detected in

the joints due to the formation of non-superconducting compounds at the interface.

Future work may focus on ensuring proper fitting of Bi-2212 wires into the MgB: case holes
to improve interface quality, as indicated by microstructural analysis. EDX mapping and
point analyses have revealed Mg and Ag compounds at the interface, suggesting the
formation of non-superconducting or low-T. superconducting compounds in line with the
Mg-Ag phase diagram. Refining the heat treatment process could help reduce the formation
of these unwanted Mg-Ag compounds. At this stage, introducing additive elements, such as
nano Ni [268], using Mg-based precursors [293], and ball milling pretreatment [294] in the
initial powder may lower the melting temperature of Mg, thereby reducing the reaction
temperature needed for MgB: formation and potentially minimizing the Mg-Ag reaction. If
necessary, further studies could investigate the reaction mechanism in an Ag-free

environment containing only Bi-2212 and MgB2, under various thermal conditions.
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Chapter 9 Nb-Ti - MgB. Dissimilar  Joint
Production Processes

9.1 Introduction

Niobium-titanium (Nb-Ti) alloys have been pivotal in superconducting applications since
the early 1960s. Their appeal lies in their remarkable balance of strength, ductility, and
capacity to carry high currents in magnetic fields—essential for many practical uses.
Particularly within the 2-8 T operational magnetic field range, Nb-Ti alloys offer these
advantages at a lower cost in materials and manufacturing compared to other
superconductors. Noteworthy applications include MRI magnets [20], nuclear magnetic
resonance (NMR) [269], particle accelerators [270], and superconducting magnetic energy
storage (SMES) [271]. The demand for Nb—Ti in MRI magnets alone requires approximately
4000 tons of wire annually [272]. A significant advantage of Nb—Ti superconductors is the
ability to apply heat treatments for enhancing in-field performance before cable, winding,

and magnet assembly processes, with minimal impact on mechanical toughness.

Effective flux pinning plays a crucial role because achieving a strong overall current-
carrying capacity, particularly up to fields of about 8 T, is the primary technological
advantage of Nb-Ti. As the pinning force increases, so does the critical current, which is a
significant factor to consider. Importantly, the cost of magnet conductors decreases as flux
pinning strength increases because the total amount of conductor needed to produce a

specific magnetic field decreases proportionally to the current-carrying capacity.

Achieving a high Jc hinges on a significant factor: the Ti-rich a phase in Nb—Ti is non-
superconducting at typical operating temperatures. This allows for the creation of numerous
flux-pinning sites by precipitating a-Ti during moderate temperature heat treatments [273].

Compositions are typically denoted by mass fraction, such as Nb47Ti indicating the standard
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commercial alloy containing 47% Ti by mass [274]. A notable feature of the Nb—Ti phase
diagram, depicted in Figure 9.1, is that the g phase begins decomposing well below the

melting temperature.
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Figure 9.1 Equilibrium phase diagram of Nb-Ti adapted from [275] (Copyright © 1981, Springer)

The composition of Nb-Ti stands out as the most pivotal factor influencing the
superconducting performance of this alloy, as emphasized in the introduction and illustrated
in Figure 9.2. This figure highlights the variations of T, resistivity (p), and the upper critical

field (Hc2) across different alloy compositions.
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Figure 9.2 The critical temperature, upper critical field at 4.2 K, and resistivity at 293 K are plotted
as functions of the mass fraction of Ti across the binary Nb-Ti alloy system. Reprinted from [273]
and the data shown in the plot was obtained from [276] and [277].
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The T¢ experiences a subtle change from pure Nb (9.23 K) to Nb50Ti (8.5 K), with a slight
peak around Nb30Ti (9.8 K). However, introducing Ti has a more pronounced effect in
lowering T¢ for alloys containing over 50% Ti by mass. The Hc> displays a broad, dome-like
curve, reaching a peak of approximately 11.6 T at Nb44Ti composition. For compositions
ranging from approximately Nb40Ti to about Nb52Ti, the upper critical field remains above

11T.

Flux-pinning centres are generated through a sequence of heat treatment and wire drawing
steps. The heat treatments may involve fixed times at the same temperature, or may vary
widely in both time and temperature, depending on the desired precipitate structure.
Employing aggressive heat treatments, ranging from 10 to 160 hours at temperatures
between 405°C and 435°C, resulted in significant enhancements in Jc compared to the

standard industry heat treatment of 40 hours at 375°C [278].

Figure 9.3a presents an optical cross-sectional image of Nb-Ti wire, while Figure 9.3b
depicts a transmission electron microscopy (TEM) image showcasing the a-Ti ribbons inside

the Nb-Ti alloy.

Figure 9.3 a) An optical image of a multifilament Nb-T7i wire’s cross section [279] and b) high
magnification TEM image of an Nb-Ti sample. The thin, light gray ribbons are a-Ti phases while
the darker areas show the f-Nb-Ti grains [280] (Copyright © 2008 Elsevier B.V.)
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Creating genuinely superconducting persistent joints is crucial to fulfil the highly demanding
field stability criteria of MRI magnets [281]. However, achieving this goal is made complex
by the wire's geometry, wherein delicate Nb-Ti filaments are encased within a copper matrix
[282]. Several methods are employed for producing joints, including solder matrix
replacement [283], ultrasonic welding [284], diffusion welding [285], cold pressing [269],
and spot welding [286]. All these joint techniques have matured considerably over the years,
attaining resistance values as low as 10"* Q at 4.2 K and in relatively high fields like 5 T.
However, in the soldering methods, which are widely favoured in the industry,

superconducting Pb-based solders, known for their high toxicity, are commonly employed.

In some applications, joining two different superconducting conductors is necessary, and the
existing methods may not be suitable. Consequently, additional jointing techniques are
required. For instance, Banno et al. [200] investigated joints between Nb-Ti and NbzSn for
NMR devices, which need superconducting joints due to their use in high-frequency NMR
magnets. These magnets typically employ an outer coil of Nb-Ti and an inner coil of NbaSn,
requiring effective magnetic field sharing and cost efficiency. Similar needs may arise for
MgB: as its use expands in NMR, MRI devices, and power transmission lines in the near
future. However, research on MgB2/Nb-Ti joints is limited. Only one documented study in
the literature discusses MgB2/Nb-Ti joint technology. Takashi et al. [162] conducted
measurements on their MgB2 coil operating in persistent current mode to determine
resistance and trapped current. They successfully fabricated a small single-loop coil using
MgB: and Nb-Ti conductors. However, the study lacks comprehensive information on the
joint-making procedure, leading to uncertainty about the exact method of joint formation.
Nonetheless, the authors observed that their MgB2/Nb-Ti joint exhibited a resistance value

of less than 10712 Q for around 2.5 hours.
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Consequently, there exists a notable gap in the study of wire joining techniques between
these two technological superconductors. Thus, the primary objective of the experiment
conducted in this chapter was to study Pb-free, easily manufacturable, and cost-effective
joints between Nb-Ti wires utilizing a MgB: filler. Additionally, the study aimed to
investigate the behaviour of the MgB2/Nb-Ti combination and any reactions they would

exhibit at the interface at different temperatures.
9.2 Experimental details

The procedure for fabricating joints between monofilament Nb-Ti wires is detailed in
Section 3.1.4. Initially, monofilament wires were scarfed by rough polishing and washed
with ethanol. The unreacted MgB: case, pre-drilled and partially filled with Mg+B powders
(1:2 ratio), accommodated the wire diameter difference to minimize interface gaps. The
scarfed Nb-Ti wires were inserted, and 3.4 MPa pressure was applied for 10 minutes. This
higher pressure, compared to previous 1.7 MPa, is suitable due to the ductility of Nb-Ti

wires unlike MgB: wires, improving the interface without risking damage to the case.

Subsequent to this, the assembly underwent various heat treatments to find optimum
temperature, commencing at 600°C, followed by 650°C and 700°C, each for a duration of
15 minutes. The reason for this is primarily because the mechanism required to form MgB.
below 600°C is a solid-state reaction, which necessitates prolonged heat treatment.
However, the reaction to form MgB: happens faster in the temperature range of 650 °C-700
°C as discussed in section 2.5.1. Keeping the heat treatment duration short is crucial because
it can accelerate the dissolution of previously precipitated a-Ti particles within the Nb-Ti
wire, leading to a decrease in pinning effect and potential reversion of the Nb-Ti to the g
phase. To minimize this effect, the heat treatment temperature is kept as low as possible, and

the duration of heat treatment is kept short.
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To minimise wire wastage, the initial step, as previously carried out in earlier joint studies
detailed in Chapter 6-8, entailed performing Tc transition measurements on short joints.
Following this, the assembly underwent individual heat treatments at 600°C, 650°C, and
700°C for 15 minutes each, within a tube furnace under an argon atmosphere. This process
also aims to determine the optimal thermal treatment approach before preparing jointed loop

coils.

During the coil fabrication process, the monofilament wire was initially obtained and wound
around the former and then standard joint making procedures given above were applied.
Then, optimised heat treatment temperature from the short joint was applied to the coil’s
joint.

Five short joints were produced, with two detached from the coil, and the other created as a
short joint using the thermal treatments described earlier. The samples underwent
characterization, followed by analysis of their resistance and T data. Due to the limitations
of the cryostat, it was not feasible to measure the T of Nb-Ti via low current transport
measurement, which will be below the base temperature of 20 K. However, the short joints
were tested as it enables the observation of the MgB: T, transition. Subsequently, inductive

resistance testing was conducted.

9.2.1 Wire characteristics used in the joint

The conductor employed in this study was the Supercon Inc. T48BG monofilamentary
NDbTi/Cu wire. This particular wire variant consists of a central filament with a nominal
diameter of 200 um, composed of Nb with 46 wt.% Ti, embedded within a copper matrix
measuring 100 um in thickness. Moreover, a 15 um layer of Formvar (polyvinyl acetal resin)
insulation is pre-applied around the wire. The essential specifications of the Nb-Ti wire

utilized in this investigation are presented in Table 9.1.
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Table 9.1 Nb-Ti wire specifications

Number of Filaments 1
Protecting layer Formvar
Stabiliser Cu
Diameter of the wire 0.43 mm
Diameter of the Nb-Ti 0.2 mm

9.2.2 Effect of heat treatment on wire/case interface

The primary objective is to assess the superconducting performance and interface qualities
between the wire and the filler by applying various heat treatment regimes to the joints.
These heat treatment regimes are of 600°C, 650°C, and 700°C for a duration of 15 minutes.
Subsequently, after the heat treatments and superconducting measurements, the samples

underwent microstructural analysis.

In Figure 9.4, typical regions of interfaces found in dissimilar joints are presented. Figure
9.4a, b, and c illustrate the interfaces of the joints that were heat treated at 600°C, 650°C,

and 700°C for 15 minutes each, respectively.

In Figure 9.4a, the interface between the Nb-Ti and the filler appears very smooth. Visible
porosities are indicated by white arrows within the MgB: filler, consistent with characteristic
MgB: voids observed in all MgB: cases used throughout this thesis. White dashed rectangles
indicate void-like regions, which are presumed to be Cu, but in the one shown at the bottom,
it has completely disappeared, likely due to the polishing/grinding process causing it to be
ripped off somehow. Interestingly, in the top one, Cu has lost some parts, containing a high
concentration of Mg. Point analysis, represented as Spectrum 1, showed 64.6%at Mg and
35.4%at Cu with the relatively minor error given by the software is + 2.57 % for both Mg

and Cu. Referring to the Mg-Cu phase diagram (Figure 9.5), this may suggest Mg.Cu
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formation, with a Mg-rich eutectic at 750 K (477°C). Further discussion on the reaction

dynamics between Mg and Cu has been provided in section 0.

Figure 9.4 SEM images and EDX maps of dissimilar joints that heat treated at a) 600 °C, b) 650 °C
and c) 700 °C for 15 minutes each.

Spectrum 2, a control point, displayed 51.9%wt Nb and 48.1%wt Ti corresponding to the 3
phase of Nb-Ti (Figure 9.1). The error given by the software is + 2.2 % for both Nb and Ti.

Given this error margin, the Ti content measured in Spectrum 2 is consistent with the
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nominal composition of the B phase, and no significant deviation is observed. Examination
of the interface revealed a homogenous Cu strip indicating Cu dissolution as seen in the Cu
map.
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Figure 9.5 Binary Cu-Mg phase diagram [256] (Copyright © 2015, ASM International)

Linescan analysis of Figure 9.4a (black line) shown in Figure 9.6 and highlighted Cu peaks
by brown arrows suggesting potential reactions involving Cu, Mg, and O. The initial Cu
peak observed between 50-75 um coincides with a small O peak alongside Cu and nearby

Mg detection hinting at a potential reaction involving Cu, Mg, and O.
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Figure 9.6 The linescan analysis of the interface of the joint, subjected to heat treatment at 600°C
for 15 minutes.
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Additionally, at the second Cu peak, it aligns with the Mg trough suggesting possible Cu
precipitation. Similarly, at the third Cu peak around 125 pm, a Mg peak accompanies the
Cu peak indicating potential Cu-Mg reaction. It appears that copper is undergoing both

dissolution and precipitation within the MgB2.

Figure 9.4b depicts the interface of the dissimilar joint after heat treatment at 650°C for 15
minutes. Spectrum 3 indicates Nb and Ti atomic percentages of 52.4%wt and 47.6%wt,
respectively. The software indicates an error of + 0.9 % for both Nb and Ti. Considering this
margin, the slight reduction in Ti content compared to Spectrum 2 falls within the error range
and is thus not a meaningful difference. The red dashed rectangle highlights a void at the
interface, potentially resulting from insufficient or inhomogeneous pressure applied to the
joint. Nevertheless, there is a well-defined interface between Nb-Ti and MgB.. However, as
depicted in its Cu map, a Cu strip is observed along the interface, indicated by white arrows

in Figure 9.4b.
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Figure 9.7 The linescan analysis of the interface of the joint heat treated at 650°C for 15 minutes.
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This is presumably due to insufficient grinding of the wire during scarfing, suggesting the
presence of Cu at the surface. However, the area around the red line in the map exhibits a
smooth interface with relatively less Cu strip. The linescan analysis (red line) of that
interface is shown in Figure 9.7. It appears that the presence of Cu in relatively well-scarfed
region (the region around the linescan) has diminished. However, there are some Cu peaks
suggesting the precipitation inside the Nb-Ti which may disrupt the superconducting
properties of Nb-Ti. Interestingly, there's a significant Ti peak within the MgB: interface,
around 128 um, along with Mg through, suggesting possible Ti precipitation. In the MgB>
filler region, there are no significant Cu peaks observed, and there is a lack of obvious oxide

layer at the interface.

In Figure 9.4c, the joint underwent heat treatment at 700°C for 15 minutes. Spectrum 4
indicates a composition of 47.2%wt Ti and 52.8%wt Nb, with the software reporting an error
of'+ 1.3% for both Nb and Ti. This error range overlaps with the values observed in Spectrum
2 and Spectrum 3. Consequently, the observed reduction in Ti content in Spectrum 4 is
within the measurement error and therefore does not represent a statistically significant
compositional change. A white dashed region in the Mg map suggests Mg presence within

the Cu layer.
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Figure 9.8 The linescan analysis of the interface of the joint eat treated at 700°C for 15 minutes.
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However, examining the same location in the Cu map reveals restricted Cu beneath the Cu
layer within the MgB: filler, hinting at Mg diffusion into Cu. Bright Mg clusters, akin in
brightness to the MgB: filler, are highlighted by white arrows, suggesting Mg consumption
via diffusion into Cu. The interface appears smooth without significant voids, ensuring
uninterrupted current path. Line scan analysis (green line in Figure 9.4c) of the interface is
detailed in Figure 9.8. In contrast to the interfaces of the previous two joints, the presence
of Cu at the interface is nearly negligible. This could be attributed to the well-scarfed wire
ends, as no Cu layer was observed in Cu map above the Nb-Ti layer. Additionally, there is

a lack of significant oxide layer, as evidenced by the small oxygen peaks.

Scheuerlein et al. [287] extensively studied the temperature-induced degradation of Nb-
Ti/Cu composite wire, observing evolving mechanisms through in-situ synchrotron X-ray
diffraction measurements during heat treatment. Heat treatments ranging from 200°C to
700°C revealed the emergence of CusTis, CusTi, CuTi, and CusTi> phases, with Cu
diffusion into the Nb-Ti filaments and Ti diffusion into the Cu matrix observed. Exposure

to temperatures below 400°C for 5 minutes notably reduced the Jc under external fields.
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Figure 9.9 Nb-Ti/Cu interface line scan analysis.
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This reduction was attributed to alterations in the size of a-Ti precipitates, resulting in a loss
of flux pinning force. Their findings align with the increased copper count in Nb-Ti observed
in Figure 9.9, suggesting analogous conclusions regarding Ti diffusion into Cu, consistent
with Scheuerlein's study. The elevated temperatures employed (600°C, 650°C, and 700°C)
here significantly exceed 400°C, facilitating the dissolution of a-Ti precipitates within Nb-
Ti.

Consequently, this phenomenon inevitably leads to a reduction in the Jc. Furthermore, the
researchers noted that temperatures exceeding 550°C facilitated Ti diffusion leading to the
formation of CuTi intermetallic compounds. This phenomenon was found to degrade the
mechanical properties of the composite. Notably, prolonged heating above 600°C induced
brittle behaviour in the composite, ultimately resulting in a complete loss of load-carrying

capacity.

Thus, the next step was to eliminate Cu before creating a coil. The Cu around the Nb-Ti wire
ends were placed into MgB: filler case was removed by chemical etching using an iron (I11)
chloride solution with a ratio of 60 g FeClsz to 100 ml H20. The FeCls reacts with Cu to form
CuCly, which is soluble in water. After etching the Cu, a coil with a termination joint was
produced with Nb-Ti wire as shown in Figure 9.15a. The applied heat treatment to the joint
was set at 700°C for 15 minutes instead of 600°C and 650°C due to the superior T¢ and
residual resistance data obtained from this heat treatment compared to others. This will be
discussed in section 9.2.3. The coil was subsequently tested using IRT as discussed in 9.2.4.
Following this, the joint was detached from the coil for Tc measurement and microstructural

characterization.
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Figure 9.10 SEM images of the interface of the joint with wire etched. a) interface with its EDX
maps, b) the area showing the interface in a high magnification and the location of the linescan, c)

the spectrum of the linescan.

The SEM image of the interface, along with its corresponding EDX maps, are presented in
Figure 9.10a, while the linescan analysis of the interface is illustrated in Figure 9.10b and
Figure 9.10c.In Figure 9.10a, the interface between the wire and the MgB: filler appears

smooth and uniform at many regions. However, there are noticeable voids highlighted by
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red arrows. These voids may have formed due to inadequate mixing of Mg inside the powder

that was poured into the holes, resulting in the presence of Mg clusters within the powder.

Consequently, these clusters may have left giant voids (>100 um) behind upon reacting with
B and O. The point analyses were conducted at various locations and results are given in
Table 9.2. Spectrum 1 serves as the control point within the Nb-Ti wire, revealing the
expected ratios of Nb and Ti (see the phase diagram in Figure 9.1). Spectrum 2, located
beneath the wire in a dense region exhibited a high concentration of oxygen as indicated by
the oxygen map in Figure 9.10a. This suggests the possibility of an Mg-B-O reaction further
supported by the linescan in Figure 9.10c.Spectrum 3, in another dense region near the wire
tip, showed similar characteristics to Spectrum 2, indicating a potential Mg-B-O reaction in
these regions. Excessive oxygen trapped between powder particles during pouring into the
holes likely reacted with Mg. Additionally, the chemical etching process may have

contributed to an oxygen layer at the wire surface.

Table 9.2 Point analyses spectrums of the elements in atomic ratio.

Spectrum | Mg%at | B%at | O%at | Nb%at | Ti%at

1 - - - 51 49
2 31.7 50 18.3
3 29.4 47.7 22.9
4 36.7 53.6 9.7

Error % +1.8 +25 +0.7 +1.7 +1.7

The denser regions observed, unlike typical MgB: filler regions, may result from an excess
reaction of Mg with oxygen. Spectrum 4, another control point within the MgB: filler,
exhibited less oxygen, supporting the idea of oxygen trapping within the pre-added powders.
Further oxygen analysis at the interface with Nb-Ti is detailed in the line scan analysis in

Figure 9.10c.
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The linescan analysis revealed that the interface between Nb-Ti and MgB: is free from Cu,
and there is a smooth interface between the Nb-Ti filament and the filler material. However,
the presence of homogenous oxygen peaks alongside Mg peaks may suggest the dissolution
of oxygen into MgB.. Additionally, there are two obvious Mg-O peaks observed and
highlighted with blue arrows in Figure 9.10c. The presence of O is slightly increased at the
interface compared to previous samples. It can be observed that there is no significant

diffusion from filler to Nb-Ti and vice versa.

50000 -

40000 .

30000 - .

cps

Nb
20000 A .

Ti
10000 -

Ti Si Nb Nb Ti

0,5 1,0 15 20 2.5 3,0 35 40 45 5,0 55
keV

Figure 9.11 The spectrum of the linescan given in Figure 9.10c.

However, inevitably oxygen is apparent at the interface. When the pre-poured powder was
placed into the holes, a significant amount of oxygen must have been trapped in the interface
and inside the filler. Figure 9.11 shows that the oxygen K-a peak overlaps with the Ti peak
(observed in the left tail) and it is distinct from the Mg peak. Additionally, it appears that
significant quantity of Mg diffuses into the Nb-Ti, but there is limited diffusion of Nb and
Ti into the MgB: filler. Any non-superconducting layer at the interface, or a layer consisting
of a low T superconductor (lower than operating temperature), has the potential to impede

macroscopic supercurrent flow.
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Additionally, alterations in the crystallographic properties of Nb-Ti can also impact its
superconducting characteristics. According to Mousavi et al. [288], as the grain size
increases, the critical temperature of Nb-Ti decreases, while the upper critical field
increases. Furthermore, the potential diffusion of Cu, as discussed for the Figure 9.9 into
the Nb-Ti lattice during heat treatment can also lead to lattice distortion, changes in strain,
and grain growth [289, 290] thereby influencing the crystallographic properties and
consequently affecting the superconducting properties. Therefore, crystallographic
properties of the Nb-Ti in the wires were thoroughly investigated by XRD characterization

using the technique outlined in section 3.3.1.
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Figure 9.12 XRD patterns of Nb-Ti wires. Black: wires as obtained, Red: wire heat treated 650 °C

for 15 minutes, Blue: wire heat treated 700 °C for 15 minutes.

Figure 9.12 shows the X-ray diffraction patterns of the Nb-Ti wires under different
conditions and results are given in Table 9.3. While the precision of the mathematical fitting
error is included, XRD device-related errors have not been characterized for Nb-Ti. It is

recommended to consider this in future work.
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Table 9.3 XRD characterisation results of the Nb-Ti wires.

Sample Lattice parameter, A | Strain % | Crystallite size (nm)
NO HT 3.286 0.426 24

650 °C 15 min 3.292 0.140 33

700 °C 15 min 3.290 0.201 50
Precision +0.0008 +0.014 +2

Samples were prepared by heat treating the wires first, cutting them into small pieces, and
then moulding them with epoxy as previously introduced in section 3.2.4. Subsequently, the
moulded wires were ground using a grinding wheel, starting from 240, 400, 800, 1200, and

2500 grit sandpapers.

When examining the peak located at 26, 38.7°, it is evident that the wire in its as-obtained
state without heat treatment (black curve), displays a broad peak and lower peak intensity.
Upon the application of thermal treatment, the peak narrows and intensifies. This can be
attributed to the reduction of strain, the coarsening of the crystallite size and/or dissolving
the o-Ti precipitations. For the reference sample without heat treatment, the lattice parameter
was measured at 3.286 A, with a corresponding strain percentage of 0.426% and a crystallite

size of 24.58 nm.

Upon subjecting the wires to a thermal treatment regime of 650°C for 15 minutes, notable
changes in crystallographic parameters were observed. The lattice parameter experienced a
modest increase to 3.292 A, suggesting a degree of lattice expansion may induce the effect
of dissolving the a-Ti precipitations. Concurrently, the strain percentage exhibited a
significant reduction to 0.140%, indicative of a relaxation of lattice distortion or internal
stresses within the material. This relaxation is further supported by the observed decrease in
lattice strain, indicative of the annealing out of lattice defects within the material. Moreover,
the modest increase in lattice parameter suggests a change in the composition of the matrix

induced by the thermal treatment.
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Subsequent heat treatment at 700°C for the same duration elicited further alterations in the
crystallographic characteristics of the Nb-Ti wires. The lattice parameter, although
marginally decreased compared to the 650°C treatment, remained elevated relative to the
reference sample, indicating continued lattice expansion. However, the strain percentage
experienced a slight increment to 0.201%, suggesting a nuanced response to the heightened

thermal exposure.

The next step involved minimizing Cu presence to prevent potential reactions with Nb-Ti
and assess its impact on joint superconducting properties. Initially, a nearly 1-meter Nb-Ti
wire was etched with HNOs until no visible Cu remained. Although complete elimination
was challenging, efforts were made to minimize the presence of Cu. Standard coil
manufacturing procedures followed, and the wire was jointed as before. The coil was tested
via IRT, showing minimal resistance and retaining persistent trapped current for at least 20
hours. Further details are provided in section 9.2.4.

Figure 9.13a presents the SEM image and EDX maps of the interface between the MgB:>
filler and the Nb-Ti wire. The interface appears smooth, with localized oxygen particles
evident in the filler and the presence of voids, consistent with observations in previous
samples. Figure 9.13b provides a line scan analysis of the interface, demonstrating a Cu-
free interface and indicating the absence of an oxide layer or any substantial reactions at the

interface. As no Cu has been observed, it has been excluded from the analysis.
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Figure 9.13 a) SEM image and EDX maps of the interface between the MgB: filler and Nb-Ti wire,

b) line scan analysis of the interface.

9.2.3 Low current transport T. measurements on short joints
The low current transport measurement tests were conducted on three dissimilar joints that

underwent heat treatment at 600°C, 650°C, and 700°C for 15 minutes each, with their
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microstructures discussed in detail in the previous section. The T results for these first three

short joints are presented in Figure 9.14.
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Figure 9.14 Transport measurements of short joints heat-treated at 600 °C, 650 °C and 700 °C for

15 mins each.

It is worth noting that as the heat treatment temperature was increased from 600 °C to 700
°C, the superconducting transition became steeper, which suggests that the current is passing
through more homogeneous or better reacted MgB. In all 3 cases, some residual resistance
can be seen below the MgB: transition at around 38 K, originating from the ohmic resistance

of the Nb-Ti wire which is not superconducting at this temperature.

The blue curve displayed suboptimal performance concerning residual resistance and onset
Tc as well as ATc. This observation is potentially linked to the presence of copper along the
interface, as depicted in Figure 9.4a. Despite the apparently smooth surface, analysis
through a linescan at the interface, as depicted in Figure 9.6, revealed the possible existence

of Cu-based by-products that could impede the supercurrent flow at the interface.

The second joint, subjected to a heat treatment at 650°C for 15 minutes, demonstrated the
second-best performance in terms of the sharpness of the T¢ but not as pronounced as the
idealized black curve, suggesting the potential presence of compounds at the interface with
lower T¢. This phenomenon could be attributed to the presence of a copper strip along the
interface as shown in its Cu map in Figure 9.4b, likely resulting from insufficient scarfing
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during wire preparation. Notably, a well-polished small interface devoid of Cu strip, as
evidenced by the linescan in Figure 9.7, exhibited a favourable interface condition.
Nevertheless, the presence of Cu elsewhere along the interface may introduce additional

resistance, consequently influencing the T¢ behaviour.

The final sample, subjected to heat treatment at 700°C for 15 minutes, displayed a sharper
transition in T and exhibited a more favourable T¢ onset value compared to the black curve.
This improvement can be attributed to the presence of a substantial Cu-free interface in this
sample, in contrast to the blue and black curves, as evidenced by their respective EDX maps.
The interface and corresponding EDX maps of the red curve are presented in Figure 9.4c,
along with the linescan analysis depicted in Figure 9.8. Notably, the interface appears to be
devoid of oxygen and copper, further enhancing its suitability for superconducting

applications.

In summary, among the heat treatment regimes investigated, the joint subjected to heat
treatment at 700°C for 15 minutes demonstrated the most favourable sharpness in the
transition of Tc. Consequently, this specific heat treatment condition was identified as the
optimized temperature setting. Subsequently, the coil fabricated in the next step was

produced under this optimized heat treatment regime, ensuring enhanced reliability.

9.2.4 Resistance and I measurements of the coil

To evaluate the superconducting performance, two coils were constructed (Figure 9.15a-c)
using Nb-Ti wires, as detailed in section 3.1.5.2. Additionally, MgB: joint cases, as
exampled in Figure 9.15b, were employed. A heat treatment of 700°C for 15 minutes was
applied to the coil joints, as the short joint demonstrated superior performance compared to
the others. The measurements were conducted within the MFM under conditions of 4.7 K

and self-field. The coil, with etched wire ends as shown in Figure 9.15a exhibited no
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significant trapped fields or currents, suggesting that the shielding current induced in the
coil by the change of external field decayed very quickly. Therefore, its graphs are not
included in this section. In contrast, the coil shown in Figure 9.15c exhibited an amount of
trapped current and ultra-low resistance. This coil was wound with entirely etched Cu-free
NDb-Ti wire as discussed previously, and the rest of the coil and joint-making procedures

mirrored those of previous samples. Its microstructure is given in Figure 9.13.

Cu-free Nb-Ti wire.

Figure 9.16 illustrates the energization profile (a) for the coil shown in Figure 9.15c¢ under
self-field measurement, wherein a peak field of 5 mT was employed to energize the coil and
subsequently decreased to zero. This reduction (AB) in field induces a current within the
coil, thereby trapping the applied field within the coil (Figure 9.16b), assuming that the
joints are functioning within specified parameters. To correlate the circulating current with
the trapped magnetic field, the Biot-Savart law (equation (3.3)) was used to predict the field
and the current at the coil's centre, considering the test coil's geometry and parameters
detailed in Table 9.4. The trapped current was calculated to be about 7 A under 4.7 K and
self-field as shown in Figure 9.16d and the magnet quenching is performed by externally

increasing the heat of the magnet.
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Figure 9.16 Field decay measurement test. a) measured field as a function of time, b) field decay

between 1st and 20th hours at 4.7 K and self-field, c) the trapped field and corresponding trapped

field by time and d) shows the magnet quenching by increasing the magnet temperature.

The magnet quenched at approximately 9.7 K, indicating that the Nb-Ti switched off

effectively.

Table 9.4 The specifications of the coil that the inductance has been calculated using the long

solenoid approximation method.

Coil with Cu-Nb-Tiwire | Coil with Cu-free Nb-Ti wire
Coil inner radius | r 6 mm 6 mm
Coil outer radius | R 7 mm 7mm
Number of turns | N 40 16
Coil length I 20 mm 15 mm
Inductance L 1.1x10°H 242x10°H

To estimate the overall resistance of the coil, equation (3.2) was used, yielding

approximately 4.3 x 10 Q. This ultra-low resistance has not been achieved even in some
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joints between similar superconducting wires reported in the literature. The relatively low
current value may be attributed to the dissolution of a-Ti particles, which reduces the J. of
NDb-Ti. It is believed that reducing the heat treatment applied to the joint could improve the

Ic value. Further investigation on this matter is warranted.

As a summary, it is speculated that copper from the Nb-Ti wire reacts with Nb-Ti at elevated
temperatures, degrading its superconducting properties. Consequently, copper was
completely removed from the Nb-Ti wire, which was then wound around a small former and
joined using non-reacted Mg + 2B filler powder. The joint was reacted and tested, achieving
an ultra-low resistance of approximately 4.2 x 102> Q and a trapped current of 7 A under
4.7 K and self-field conditions. For future research, it is recommended that efforts be made
to significantly reduce the MgB. composition temperature, as this could enable the
minimization of joint heat treatment and thereby better preserve the Jc of the Nb-Ti wire,
along with the retention of o-Ti particles. Furthermore, conducting comprehensive
transmission electron microscopy (TEM) analysis of Nb-Ti wires following heat treatments
would yield critical insights into the behaviour of a-Ti particles under these thermal

conditions.
9.3 Conclusions

The feasibility of creating joints between Nb-Ti wires using MgB: filler materials has been
investigated. It was found that copper from the Nb-Ti wire reacts with Nb-Ti at elevated
temperatures, degrading its superconducting properties. Consequently, copper was
completely removed from the Nb-Ti wire, and Cu-free Nb-Ti wire was wound around a
small former and joined using non-reacted Mg+2B filler powder. The joint was then reacted
and tested, yielding an ultra-low resistance of approximately 4.2 x 10"%> Q and a trapped

current of 7 A under 4.7 K and self-field conditions.
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A similar study by Tanaka et al. [162] was conducted, but the precise joint structure was
not disclosed, making it unclear whether MgB: wires were joined to Nb-Ti or vice versa

Therefore, direct comparison of results is not possible.

Copper is crucial for quench protection in Nb-Ti coils, making the complete removal of
copper impractical for large-scale applications. In this study, the small former size caused
the applied heat treatment to affect the entire Nb-Ti wire wound around it, resulting in the
loss of Jc properties throughout the wire. The applied temperature of 700°C for 15 minutes
exceeds the 400°C threshold, leading to a reduction in Jc due to changes in the size of a-Ti
precipitates, which in turn diminishes flux pinning force, as observed by Scheuerlein et al.
[287]. To mitigate this effect, the MgB: reaction temperature should be minimized as much
as possible, potentially through the use of alternative dopants, such as nano Ni particles

[288].

In practical applications for larger magnets, the region of the Nb-Ti wire to be joined inside
the MgB: filler case could be selectively etched using HNO3 and heat-treated separately
from the rest of the coil. The remainder of the coil could be kept cool to prevent the heat
treatment effects from degrading the Nb-Ti wires. This approach allows the Nb-Ti wire to
wound around the coil to retain its copper. However, the Jc property of the Nb-Ti segment
inside the case may still be partially compromised, potentially affecting the overall J. of the
wire. This is the main concern with this technique. If the synthesis temperature of MgB2 can
be significantly reduced, for instance, through the use of additive elements such as Ag [291]
and Sn [292], Mg-based precursors [293] and ball milling pretreatment [294] methods, the
joint heat treatment process could be minimized. This would help preserve the J; of the Nb-

Ti within the casing to a certain extent.
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In conclusion, this study is the first of their kind to demonstrate ultra-low resistance and
persistent current in joints between Nb-Ti wires using MgB: filler, and it shows promise for

further research in this field.
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Chapter 10 Conclusions and Suggestion for Future
Work

10.1 Conclusions

The most prevalent commercial application of superconductivity is in MRI, a medical
diagnostic tool requiring ultra-stable superconducting magnets, which are the costliest
component of the system. Currently, Nb-Ti is used for most MRI systems, but alternatives
like MgB2, ReBCO, and BSCCO are being considered. Adhering to MRI standards, such as
achieving minimum circuit resistance, poses challenges for some materials. For example,
BSCCO's use of silver increases costs, while Nb-Ti’s low critical temperature of 9.2 K
necessitates expensive liquid helium cooling. MgB: is a promising alternative, being cost-
effective and maintaining superconductivity at 20 K with cryocoolers in liquid hydrogen and
helium environments. Since 2005, MgB: joints have been increasingly studied in academia
and industry, driven by growing demand and the study presented in this thesis contributes
to the current literature and advances the development of MRI scanners using persistent

reacted MgB2 wires.

Table 10.1 Joint studies in the literature between reacted MgB. wires.

Superconducting Properties
Reacted wires Environment Ref.
I, A CCR, % Resistance, Q
12-filament twisted tape ]
20 K, self-field 300 43 <10 [254]
0.65 x 3.65 mm
Monofilament 0.5mm o 20 K, self-field 40 <70 - [295]
19-filament
20K, 046 T 48 <17 <10 [296]
tape 0.71 x 3.10 mm

18-filament \;Vlre 0.83 mm 20K, 05T 179 <185 i [297]

Monofilament 0.75mm & 20K, 1T 160 <78 <10 This study
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Table 10.1 presents the findings from literature studies on joints between different forms of
reacted MgB: wires. It is noteworthy that this study demonstrates the most favourable CCR
and resistance values reported in the literature to date. For the joint study between reacted
multifilament MgB: wires presented here, the main challenge was managing all interfaces
between the filaments and the filler material. Due to limitations, not all filament-filler
interfaces could be examined simultaneously. Consequently, while some interfaces were
satisfactory, the status of others remained uncertain. Additionally, copper's reactivity with
magnesium led to Mg-Cu compound formation within the filler material, and its high
diffusion propensity significantly impacted the joint's superconducting properties. To
address this, copper was removed using HNO3, which also removed steel from the wire.
However, trapped current could not be obtained in IRT measurements, and a sharp Tc
transition was not observed in short-joint R/T tests. This may be due to the non-industrial,

custom-made nature of the wires.

Upon successfully establishing a joint between monofilament reacted MgB2 wires,
extending this achievement to multifilament MgB: reacted wires and applying a similar
methodology to other technological superconductors, such as Nb-Ti and Bi-2212, was
considered. Jointing Bi-2212 wires through the MgB: filler was deemed intriguing and
worthwhile, despite the joint needing to operate below approximately 38 K. Transport
measurements indicated a two-stage superconducting transition of Bi-2212 and MgB:
respectively with a low residual resistance obtained through T. measurement, suggesting
both wire and case exhibiting superconductivity in some extent. However, when a coil was
built for IRT measurements, high resistance led to no trapped current. Investigation
uncovered severe side reactions at the interface notably between magnesium and silver. The
applied heat treatment (700°C for 15 minutes) to create MgB2 was deemed too high,
exacerbating unwanted reactions.
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The strategic approach was extended to another technological superconductor, Nb-Ti,
yielding promising initial T performance results. Increased heat treatment temperature
(700°C for 15 minutes) amplified MgB> formation, enhancing superconducting transition.
Microstructural analysis revealed copper reacting with filler material and Nb-Ti itself.
Chemical etching removed Cu from wire ends, ensuring a smooth Nb-Ti/MgB: interface.
Despite this, elevated resistance hindered trapped current, attributed to Cu diffusion into Nb-
Ti, forming disruptive Cu-Ti compounds. Cu removal along the wire partly resolved this
issue, facilitating jointing via Mg+2B filler. IRT measurements showed 7 A trapped current
and 4.3x10%° Q resistance. This low amount was attributed to the reduced Jc of the Nb-Ti

wire due to the applied heat treatment, which triggered the dissolution of a-Ti particles.
10.2 Suggestion for Future Work

Future research should concentrate on several key areas to enhance the understanding and

performance of superconducting joints.

In terms of the study in Chapter 6, joint between reacted monofilament MgB: wires, future
research could focus on comprehensively investigating the observed increase in lattice
parameters of Sample 3, which occurs despite a reduction in strain, as the mechanisms
underlying this behaviour remain unclear. Additional studies might also explore the
possibility that side reactions lead to unintended boron incorporation into compounds like
TiBx in Samples 4 and 5, potentially influencing phase formation and reducing available
boron content. Moreover, to examine the fundamental mechanisms behind the
decomposition reaction MgBs + Mg = 2MgB: under non-equilibrium conditions, an
experimental setup allowing for precise control and monitoring of Mg vaporization within

the relevant temperature range could be developed. This setup would enable a thorough
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investigation into potential reaction behaviours, providing valuable insights into the

system’s underlying processes.

Regarding the joints between multifilament MgB2 wires, it is crucial to optimize filament-
filler interfaces and ensure material compatibility to advance joint fabrication techniques. It
Is recommended that further studies be conducted in a more controlled environment, where
both the joint case material and the wires being joined are produced using the same method,

materials, and conditions.

Secondly, when considering the joints between Bi-2212 wires utilizing MgB: filler, this
approach shows promise for specific applications, such as power transmission cables that
incorporate hybrid conductor systems like MgB2 and Bi-2212 wires. This would facilitate a
seamless transition between cables. Although this scenario has yet to be implemented in
practice, it has potential for future developments. Further optimization of the jointing
process is essential to reduce residual resistance and enhance superconducting properties.
Investigating the reaction mechanics between Mg and Ag may also yield insights into
minimizing reactions, particularly at the interface. Refining the heat treatment process may
have a beneficial effect in reducing the formation of the undesirable Mg-Ag reaction. At this
stage, introducing additive elements (such as nano Ni [268], Ag [291] and Sn [292]) into the
initial powder within the case, and ball milling pretreatment to the powder [294] could lower
the melting temperature of Mg and decrease the reaction temperature for MgB. formation,
which may help reduce the Mg-Ag reaction to some extent. Furthermore, the reaction
mechanism between MgB: and Bi-2212 could be examined directly in the absence of silver.
Additionally, ensuring that Bi-2212 wires are fully embedded within the Mg+B powder is
vital, as eliminating any gaps between the powder and wire filaments is of utmost

importance.
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In relation to the joints between Nb-Ti wires utilizing MgB: filler, it is critical to explore
methods for significantly reducing the MgB. composition temperature possibly by
incorporating alternative dopants/additives as suggested above. The temperature of 700°C
applied for 15 minutes surpasses the 400°C limit, resulting in a decrease in Jc due to
alterations in the size of a-Ti precipitates. This change subsequently reduces the flux pinning
force, as noted by Scheuerlein et al. [284]. Therefore, it is important to develop low-
temperature synthesis methods for MgB: in the joint case. Several approaches have been
employed to facilitate the processing of MgB: at lower temperatures and reduce processing
time. These include the use of various Mg-based precursors [293], assisted sintering with
different metal or alloy additions such as Ag [291] and Sn [292], and ball milling
pretreatment of the original precursor powders [294]. Such methods could minimize joint
heat treatment, thereby preserving the Jc of Nb-Ti wires in some extent, while retaining o-
Ti particles and improving overall joint performance. Furthermore, conducting
comprehensive transmission electron microscopy (TEM) analyses on Nb-Ti wires after heat
treatments would provide valuable insights into the behaviour of o-Ti particles under
varying thermal conditions. Understanding these mechanisms could lead to the development

of more effective dissimilar joint fabrication techniques.

Finally, additional studies should evaluate the scalability of the proposed methods for large-
scale applications, ensuring that the advancements achieved in laboratory settings can be
effectively translated into practical uses for superconducting magnets, persistent coils and

power transmission systems.
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