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Abstract

The primary aims of this research were to (i) improve the thermal stability of
MgB, wires, and (ii) investigate the effects of different doping materials on the
electromagnetic behaviour of MgB, in wire form, enabling practical application of
this superconductor.

In this work, a pioneering results on the fabrication of Al-stabilized Fe-clad
MgBsy wires have been presented. First, the Al-stabilized Fe-clad MgBs wires
were fabricated using the existing powder in tube method. The possibility of low
temperature in-situ MgBs formation, as well as the compatibility of the Fe barrier
layer and the Al stabilizer at increasing fabrication temperatures of Al/Fe-clad
MgB, wires have been demonstrated. The range of optimal temperatures (600 -
630 °C) and time of sintering (180 - 30 min) for production of Al-stabilized Fe-clad
MgB, wires were empirically observed. The main limitations of this method are
(i) reduced density of the superconducting core during drawing of relatively soft
Al metal, and (ii) degraded connectivity between Al and Fe metals, so that they
are not suitable for fabrication of long MgBs wires. Thus, a new approach towards
fabrication of Al-stabilized MgB, wires (namely the hot aluminizing technique) was
developed. In this technique, fully optimized and in-situ reacted Fe/MgBy wire
was immersed in a molten Al bath, resulting in a uniform Al coating of Fe-clad
MgB, wire. As demonstrated, this approach does not result in any degradation

of superconducting properties of final Al-stabilized Fe-clad MgBs wires. However,



xi

this enables reduction of the Fe barrier thickness and good connectivity between
Fe and Al sheath materials. Furthermore, this approach is easily applicable for
simultaneous aluminizing and in-situ formation of MgB, wires, which can even
be extended to fabrication of Al-stabilized Fe/MgBs coils. Although realization
of Al-stabilized MgBsy wires is shown to be possible, future work on stabilization
should be focused on increasing the Al thickness, reduction of the Fe barrier layer,
and demonstration of the stability effects on Al/MgBs wires, which has not been
investigated due to limitations of available equipment.

Fe-based doping of MgB, wires was studied in order to demonstrate the feasibil-
ity of introducing magnetic pinning sites into the MgB, system, and to confirm the-
oretical studies predicting improvement of current carrying ability of (ferro)magnet/
superconductor hybrid systems. A systematic study of doping materials, which
included nano-Fe, home-made FeyB, and SiOs coated FesB nanoparticles, was
conducted, and the effects of the above-mentioned Fe-based dopants on the su-
perconducting properties of MgB, wires were investigated. The SiO, coated Fe,B
nanoparticles were employed in order to study the feasibility of insulating the fer-
romagnetic inclusions and superconducting matrix, as well as to enabling more ho-
mogeneous distribution of ferromagnetic particles in MgB, superconducting wires.
The severe suppression of critical temperature (7), critical current density (J,),
and upper critical field (B.) was observed for all magnetic dopants studied with
the most detrimental effect coming from nano-Fe doping and to a lesser extent -
from SiOy coated FeyB nanoparticles. The degradation of superconducting prop-
erties due to Fe-based dopants was attributed to an increased level of impurity
phases in MgB, compound, as confirmed by x-ray diffraction studies. Analysis of
the electromagnetic properties suggested that the dominant pinning mechanism
is the pinning on grain boundaries (as in pure MgB,; compound), and thus, mag-

netic pinning was not achieved in the samples studied by introduction of these



xii

Fe-based dopants. It is likely that more homogeneous systems (such as thin films)
are required in order to demonstrate the benefits of superconductor/ferromagnet
interactions predicted by theoretical investigations.

The effect of polymer C-based dopants on the properties of MgBsy wires was
systematically investigated. Electromagnetic characteristics (Be2(T") and J.(B,),
where B, is an applied magnetic field) of Fe-clad MgB, wires with an optimal level
of doping material were systematically improved with increasing sintering temper-
ature. The ability of polymer dopants to dissolve in liquid media (water or toluene)
and cover B particles by thin layer of amorphous carbon before MgB, formation
has significant benefits for the fabrication of Fe-clad MgB,_ ,C, wires with en-
hanced homogeneity and electromagnetic performance. The analysis of structural
and electromagnetic changes in the Fe-clad MgBy wires doped with CoHgSi poly-
mer and C1oHz01; materials revealed that more C (compared to nano-C doping)
is incorporated into the MgB, crystal lattice on B sites during sintering, resulting
in (i) some reduction of critical temperature (by about 2 K), but (ii) formation
of a larger number of nanoscale structural defects, favoring pinning of magnetic
vortices and leading to significant enhancement of the superconducting properties
of the final Fe-clad MgB,_,C, wires. However, the results of this work indicate
an emerging necessity to improve the density of MgBs_,C, in the wires in order
to reach the superconducting properties obtained in the bulk samples. Another
crucial issue is to reduce the level of MgO impurities which is a native impurity
formation in any in-situ fabricated MgBs compounds, although this level may
also be increased by introduction of O-containing compounds (e.g. Ci2Hg5011).
As a result, suppressed current carrying ability was observed in C;5H5504;-doped
MgB, wires compared to the critical current density, J.(B,), of MgB, wires with
addition of oxygen free CoHgSi doping material. This observation confirms that,

in spite of imperfectly connected MgB, grains, flowing current is notably affected



xiii

by the increased level of insulating MgO impurities that preferentially form at the
grain boundaries. Results obtained in this work indicate that oxygen free CoHgSi
dopant is to be the most optimal and thus promising for practical application of

MgB,_,C, wires.



Chapter 1

Introduction to superconductivity

The effect of superconductivity was discovered nearly 100 years ago (in 1911) by
Dutch physicist H. Kamerlingh Onnes [1]. He studied electrical resistivity of pure
materials at low temperatures. A material possessing high purity was required
for study of intrinsic properties. One of these materials was mercury - the metal
in which superconductivity was first observed. Temperatures of around 1 K were
reached by liquifying helium - the technique established by Kamerling Onnes three
years before he discovered superconductivity, and which assured the possibility of
this exciting discovery. From this time, a new era in the history of physics -
superconductivity - began, and intensive theoretical and experimental study of
this phenomenon, which remains one of the most interesting and sophisticated in
condensed matter physics up until today, was initiated. The main properties of
superconductivity are briefly outlined in this Chapter.

One of the striking properties of superconducting material is that its electrical
resistivity becomes immeasurably small at cryogenic temperatures. Due to histor-
ical reasons, the electrical resistivity of mercury is presented in Fig. 1.1 [1]. As
in many other metals and alloys, in which superconductivity was later observed

(Fig. 1.2 [2]), the electrical resistance of mercury suddenly drops by several orders



of magnitude on lowering temperature below a certain characteristic temperature

(4.15 K). This temperature, which is specific for each material, was called the

critical temperature, T,.

0.15
0.125 /,-/
!
0.10 =
z ,
Z 1075 :
8 7
o 1
0.05 -
|
105Q i
0.025 \
0.00
400 410 420 430 440
T(K) |

Figure 1.1: The resistivity of mercury measured by Kamerling Onnes [1].

In 1933, Walter Meissner and Robert Ochsenfeld discovered the second funda-
mental property of superconductivity [3]. They found that the material in super-
conducting state exhibits spontaneous, complete expulsion of magnetic flux from
its volume. In their experiments, if a superconducting material was in the nor-

mal state (kept above T, and had electrical resistance), an applied magnetic field

would penetrate through the material (Fig. 1.3(a)). However, once the material

was cooled below 7T, (made a transition into the superconducting state), applied
magnetic field was expelled from it (Fig. 1.3(b)). The reason for this is shielding
currents which arise in the superconductor surface. These currents create a field
inside and outside of the superconductor in such a way that magnetic fields applied

and induced inside the superconductor are exactly canceled. This effect is known
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Figure 1.2: The superconducting transition temperature (1.) of a variety of
classes of superconductors plotted as a function of time. [2]

today as the “Meissner effect”. The Meissner effect is so strong that a magnet can
actually be levitated over a superconducting material.

The experimental results demonstrated that superconductivity can be destroyed
by a critical magnetic field, B., applied to the superconductor. It was found em-
pirically that B.(T) = B.(0)[1 — (T/T.)?] [4].

The theoretical explanation of Meissner effect was offered by brothers Fritz
and Heinz London in 1935. They developed a set of electrodynamic equations
(called the London equations) [5] from Maxwell’s equations. According to the
London equations, the magnetic field exponentially decays from the interior of the
superconductor with a characteristic decay length A (also known as the London
penetration depth).

A macroscopic explanation of the superconducting properties was offered by V.



T>T T<T
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Figure 1.3: Explanation of the Meissner effect. Magnetic field lines (arrows), are
excluded from a superconductor when it is below its critical temper-
ature.

Ginzburg and L. Landau in 1950. They extended the London theory by introduc-
ing the order parameter v, which describes the local density of superconducting
electrons ny =| 1(x) |* [6]. One of the key parameter of this theory was the
Ginzburg-Landau parameter, kK = A/{, where \ is the penetration depth and & is
the Ginzburg-Landau coherence length.

The microscopic explanation of superconductivity, however, was proposed sev-
eral years later (in 1957) by three American physicists J. Bardeen, L. Cooper and
R. Schrieffer. According to their theory [7], known as the BCS theory, supercon-
ductivity results from the interaction between electrons and the surrounding ions
in crystal. When moving in the crystal, an electron leaves behind a deformation
cloud which affects the positions of the ion cores. This distortion creates an effec-

tive positive charge which attracts other approaching electrons to form an electron



pair, called a Cooper pair. The Cooper pairs move without scattering in the lat-
tice, which leads to the resistance-free nature of the superconducting state. The
Cooper pair has the same size as the coherence length (§).

Theoretical analysis of superconducting properties under applied magnetic field
by A. A. Abrikosov in 1957 resulted in the discovery that by virtue of the critical
magnetic field, superconductors can be categorized into two types [8]. In the case
of type I superconductors, an external magnetic field higher than a certain critical
field (B.) destroys the superconducting state (Fig. 1.4(a)). Type II superconduc-
tors, on the other hand, have two critical fields: the lower and the upper critical
fields, B.; and B, respectively. If the applied field B < B.;, the material is in
the Meissner state, essentially the same as the type I superconductors. When
the external magnetic field is between the two critical values, B,y < B < B.o,
the material is in a mixed state and above B, the superconductivity of type II
materials disappears completely as shown in Fig. 1.4(b). In the mixed state, an
external magnetic flux penetrates partly into the superconducting material in the
form of thin filaments, magnetic vortices. The core of a vortex is in the normal
state, whereas the other part of the material is still in the superconducting state.
Each vortex carries a discrete amount of magnetic flux, namely one flux quantum,
®y = 2.07x 107" T m?. A vortex has a normal core whose radius is the coherence
length, &, and the magnetic field of the vortex decays on the characteristic distance
of the London penetration depth, A\. Superconductors can be classified into type I
and type II materials by defining the Ginzburg-Landau parameter k = X\ / . For
all type I superconductors, x should be smaller than v/2, and for type II materials,
k should be greater than V2.

Another important characteristic of superconductivity is the critical current,
I.. There is a certain maximum current that superconducting materials can carry,

above which, the superconducting state will be destroyed. If the applied current
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Figure 1.4: Temperature dependence of critical magnetic field for type I (a) and
type II (b) superconductors.

exceeds I., it will cause the superconductor to revert to the normal state, even
though it may be below its transition temperature. In type II superconductors, if
I > I, the vortices start to move in the material, causing resistance and thereby
losses. Luckily, there are a number of inhomogeneities in the usual materials which
can trap (or pin down) vortices and thus increase the value of I.. The average
pinning force can be defined as F, = J. X B,, where J, is the critical current
density of the superconductor.

Besides theoretical work, extensive research efforts have been devoted to find
ways to employ superconductors in practice. Large-scale applications of supercon-

ductors have long been limited by the necessity to cool the materials to the boiling
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point of liquid helium, 4.2 K. It wasn’t until the discovery of high-temperature su-
perconductivity in 1986 by G. Bednorz and A. Miiller [9] that research on super-
conductors took a major step forward. With the discovery of superconductivity in
material classes showing a transition to superconductivity at temperatures above
liquid nitrogen temperature, expectations about practical uses for these materials
also came into major consideration. It is important to note that the nature of
high-T, superconductivity cannot be explained by BCS theory, and this remains
an unsolved problem in modern solid-state physics.

The recent discovery of superconductivity in MgB, at 39 K was announced by
J. Akimitsu in 2001 [10]. This was an unexpected and exciting finding, which again
boosted interest in the field of superconductivity. MgBs superconductor possesses
a number of interesting features, such as much higher 7, than in previously re-
ported conventional superconductors and unique two-gap superconductivity. Fur-
thermore, its high 7., I., and B. values, as well as the large coherence length,
low anisotropy, and absence of grain-boundary misorientation induced weak-links
make MgBsy material attractive for practical applications. Importantly, easily fab-
ricated MgBs wires and tapes can be employed at working temperatures of 20-25 K,
achievable by compact cryocoolers, which significantly reduce the running costs of
this conductor compared to low temperature (NbTi, NbsSn) superconductors.

New types of superconducting material, most recently, (2008) SmFeAsOF with
T. greater than 50 K [11] and (T1,Ba)BayCayCuz;Oq34 (2009) with T, of 254 K [12],
are constantly being discovered. The driving force in the search for new materials
is based on the desire to find superconductivity at room temperature, which would
have an enormous effect on wide application of this phenomenon in a variety of
applications.

Superconductors are finding their applications in diverse fields, including mo-

tors and generators, considerably reducing their weight and enhancing efficiency
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[13]; fault current limiters, for use in a power transmission networks [14; 15; 16];
in medicine (Magnetic Resonance Imaging (MRI) [16] systems); in daily scientific
research (the Magnetic Properties Measurement System (MPMS) and the Phys-
ical Properties Measurement System (PPMS)) [17]; in sensitive magnetometers
based on the Josephson effect and Superconducting Quantum Interference De-
vices (SQUIDs) capable of detecting extremely weak (5x107!8 T) magnetic fields
[18]; and nuclear fusion reactors (the International Thermonuclear Experimental
Reactor (ITER)) [19] - to name just a few of them.

The work described in this thesis is devoted to enable replacement of low
temperature superconductors by (middle-temperature) MgBs-based conductors in
existing superconductor-based magnets and devices, which would significantly re-
duce their operational cost. The important steps towards this goal is (i) to enhance
electromagnetic properties (J., Bey) of MgB, wires at the temperature of 20 K in
order to make them competitive with characteristics achieved by conventional su-
perconductors at cryogenic temperatures, and (ii) to assure thermal stability of
conductor preventing its transition to normal state in a long-term operation cycle.
In this work, chemical doping of MgB, compound with various C- and Fe-based
materials is investigated in order to achieve enhancement of current-carrying abil-
ity of MgBsy wires. To assure good thermal stability particularly essential for
practical application of superconducting wires, the effect of Al as a stabilizer, hav-
ing excellent electric and thermal conductivities, has also been explored for the

first time.



Chapter 2

MgB> superconductor:

literature review

2.1 Introduction

As a compound, magnesium diboride (MgB5) has been available since 1953 [20].
Accidental discovery of superconductivity in this simple binary compound in 2001
[10] generated a great deal of interest in both theoretical and experimental inves-
tigations worldwide. Several surprising properties of this material were revealed
during intensive fundamental studies of this superconductor that were initiated
following its discovery.

The critical temperature (7,) of MgBs - 39 K - is the highest among conven-
tional Berdeen-Cooper-Schrieffer (BCS) binary compounds. For a long time, the
temperature of 23 K (observed in Nb3Ge, Fig. 1.2) was the top value in this
class of superconductors. Similar to high-T. superconductors, MgB, has layered
structure, which leads to significantly anisotropic superconducting properties [21].
Interestingly, MgB, possesses two-gap superconductivity, a phenomenon which

was predicted theoretically in 1959 [22], but was only obviously observed for the
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first time in this compound [23].

The relatively low cost of materials and wire/tape production, promising elec-
tromagnetic characteristics, and an operating temperature at 20 K (easily reached
by modern cryocoolers) make MgB, conductor a tempting material for applications
[24].

In this Chapter, structural properties (2.2), the mechanism of superconductiv-
ity (2.3), superconducting properties (2.4), the effects of doping (2.5), and fabrica-
tion issues (2.6) as well as several examples of applications (2.7) of MgB, conductor

found in the literature will be briefly summarized.

2.2 Crystal structure

The crystal structure of MgBs is shown in Fig. 2.1. This compaund has a hexagonal
crystal structure with a space group that is common among diborides, p6/mmm
[25]. Magnesium diboride consists of honeycomb boron layers separated by mag-

nesium layers. Each Mg atom is located at the center of hexagons of B atoms.

€ axis

Figure 2.1: Crystal structure of MgBy [30).
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The hexagonal unit cell has the in-plane ¢ = 3.086 A and out of plane ¢ = 3.524 A
lattice parameters [27]. In the unit cell, the atomic positions are (0, 0, 0) for Mg
and (1/3, 2/3, 1/2) and (2/3, 1/3, 1/2) for B atoms [20; 28]. The in-plane B-B
distance is almost half that of the interplane B-B distance, resulting in anisotropic

electromagnetic properties for MgBs compound [29].

2.3 Mechanism of superconductivity in MgB,

2.3.1 Two-gap superconductivity

Theoretical investigation of two-band superconductivity in MgBs resulted in cal-
culation of the Fermi surface of MgBs from the band structure (Fig. 2.2 [26]) and
calculation of the energy gap value for each point of the Fermi surface [23].

In Fig. 2.2 the vertical sections of cylinders represent two-dimensional (2D)
o bands; and the three-dimensional (3D) tunnel-like networks are m bands. The

green and blue cylinders come from bonding p,, boron orbitals and are hole-like.

Figure 2.2: The Fermi surface of MgBs [26].
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The blue tubular network (hole type) comes from the bonding p, boron orbitals and
the red tubular network (electron-like) from the antibonding p, band [30]. Each
o- and 7-band has an energy gap (A) at the Fermi surface [23], which is reduced
as the temperature is approaches the critical temperature (7..). The energy gap of
o bands has values from 6.4 to 7.2 meV (with an average value of 6.8 meV), and
on the 7 bands, it ranges between 1.2 and 3.7 meV (with an average of 1.8 meV)
[23].

Experimental demonstration of the two superconducting gaps and their mea-
surement has been achieved by point-contact spectroscopy [31; 32; 33; 34], tunnel-
ing spectroscopy [35; 36; 37|, Raman spectroscopy [38], and photoemission spec-
troscopy [39; 40; 41].

The normal state conductivity in MgBy compound has contributions from both
the covalent 2D ¢ band and the metallic 3D 7 band, however, the 2D ¢ band on

the boron layer is responsible for the superconductivity in this compound.

2.3.2 Isotope effect. Phonon mediated superconductivity

An isotope effect gives direct evidence for a phonon-mediated mechanism of su-
perconductivity. Generally, a critical temperature decreases with increasing iso-
topic mass of the superconductor, which indicates the involvement of the lat-
tice in the superconductivity [4]. The isotope effect exponent («) is defined as
a = dinT,/dinM (where M is the atomic mass), or for a multi-element supercon-
ductor, a = Xa; = X0InT,/0lnM; [42; 43].

Bud’ko et al. [44] measured the effect of B isotopes on superconductivity in
MgB, and found that T, increases by 1 K when ''B was replaced by °B in this
compound. They calculated the boron isotope exponent of g = 0.26(3). Following
studies performed by Hinks et al [45] demonstrated that the exponent ap = 0.3(1).

T, was increased by 0.1 K due to substitution of ?Mg with 26Mg resulting in an
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Mg isotope exponent of arg = 0.02.

The results observed by study of the isotope effect indicated a phonon mediated
BCS superconductivity mechanism with dominant B phonons contribution to the
overall pairing. The BCS mechanism in MgB, was experimentally confirmed by
photoemission spectroscopy [46], scanning tunneling microscopy [47], and neutron

scattering measurements [48].

2.4 Superconducting characteristics

The properties of any superconductor can be described by its critical quantities: (i)
critical temperature, T,; (ii) critical current, I. (or critical current density, J.) and
(iii) upper critical field, B.. Impacts of multiple gaps, as well as structural and
microstructural properties of MgB, on these critical parameters, are summarized

below.

2.4.1 Critical temperature

First reported by Akimitsu et al. [10], the transition temperature for MgB, is
39 K with a transition width of 1 K.

Further studies demonstrated a pressure effect on T, of MgBs superconductor.
T. decreased under pressure (as in other BCS superconductors) due to the reduc-
tion of electron-phonon coupling [49]. The T, decreased monotonically with rates
varying from -1.00 to -2.00 K GPa™! for both single crystal and polycrystalline
MgB, [50]. Although the T, decreases with pressure, remarkably, MgB, remains
in a superconducting state (to the highest pressure studied [51; 52]) and has no
structural transition up to applied pressure of 40 GPa [52]. The decrease in T,
under pressure was ascribed to an increase in phonon frequency and decrease in

coupling between phonons and charge carriers [30; 53; 54; 55]. Extensive data
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on MgB, superconductors demonstrated that T, is reduced as a result of neutron
irradiation [56; 57; 58], as well as poor crystallinity [60; 61], strain in the lattice
[59; 60|, doping, inhomogeneity, etc. - or any other reason resulting to the change
in crystal lattice parameters of MgB, compound. The ways that have been tried to
improve T, of MgBs compound (e.g. via doping), have given disappointing results
so far. However, extensive studies of other boride materials are being conducted

in order to find new materials with higher 7, [25].

2.4.2 Critical current density

Critical current (I..) is a measure of the largest current which superconductor can
carry with zero electrical resistivity. If an applied current exceeds the I. value,
Abrikosov magnetic vortices start to move under the influence of the Lorentz force,
resulting in interaction between the applied current and the vortex lines. Each
vortex consists of a magnetic flux quantum in its normal core, which is surrounded
by shielding supercurrents. The movement of vortices generates an electric field
(i.e. energy dissipation) in the superconductor, which destroy superconductivity.
The critical current value depends on the size of the superconductor, and thus,
for characterization of optimal conditions for different superconductors, a size in-
dependent parameter - critical current density (J.) - is widely used. J. is defined
as the critical current per cross-sectional area of superconductor (A): J. = I./A.
There is a fundamental limit to the current-carrying ability in superconductors.
It is the current at which the coupling energy of Cooper pairs is exceeded and
superconductivity is destroyed. This limit is called the depairing current density
(Jap) and is defined by the electronic structure of the superconducting material.

Based on the Ginzburg-Landau equation [4]:

Jap = o/[3/V3mpuo\*(T)E(T)). (2.1)
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Calculation of J, for MgB, gives a theoretical value of 8.7x10'* A/m?. For
comparison, the highest self-field J. values obtained in pure High Pressure Chem-
ical Vapor Deposited (HPCVD) thin films are 3.4x10* A/m? at 4.2 K [62] and
1.6x10'2 A/m? at 2 K [63]. For polycrystalline bulk MgB, samples the highest
J.(0 T, 4.2 K) reaches 10'° A/m? [64], and for MgB, tapes, J.(0 T, 20 K) =
5x10° A/m? is reported in Ref. [65]. It was also established that in pure MgBs,
J. is rather quickly suppressed by the applied magnetic field due to weak pinning

in this compound.

2.4.2.1. Grain connectivity. Factors affecting current carrying ability in

MgB2

An important feature of MgB, superconductor was reported by Larbalestier et al.
[66], who demonstrated that this material does not show weak link behaviour, in
contrast to high-T,. superconductors, where weak links between superconducting
grains is an important issue [67; 68]. Absence (or less pronounced) weak link
behaviour was confirmed by the good agreement between magnetic and transport
measurements reported in Ref. [69)].

However, later on, it was realized that MgBs possesses other structural obsta-
cles, which result in reduction of current carrying ability in this superconductor.
In the Collings et al. topical review [70], these are referenced as extrinsic MgBs
properties, and they include porosity and (grain) connectivity. It has been estab-
lished that the magnesium plus boron in-situ (Mg+2B) mixture shrinks during
the MgB, formation process due to the difference in theoretical density between
the Mg+2B mixture (2.0x10% kg/m?) and MgB, (2.63x10? kg/m?). The shrink-
age causes voids (pores) which can take up to 24% of the overall MgBy volume
[71]. In addition, the low filling factor (of about 65 %) of Mg and B powders

in in-situ fabricated MgBsy wires further affects the level of porosity in the final
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MgBs compound [70]. Porosity results in reduction of the effective cross-sectional
area for the current flow and makes the flow highly percolative. In addition, the
transparency of the grain boundaries can be reduced due to impurities distributed
between MgB, grains, which include MgO, nano-Mg(B,0), precipitates, or amor-
phous BO, layers [72; 73; 74]. Additional impurities (secondary phases) in doped
samples can further attenuate the transparency of grain boundaries.

It was first postulated by Rowell [75; 76] that normal state resistivity (sensitive
to inter- and intragranular defects) can be used as a measure of effective cross-
sectional area for transport in the normal and superconducting states. He proposed

the equation for connectivity (e.g. electrically connected area) estimation as:

Aeff - Apideal/Apa (22)

where Ap = p(300 K) — p(50 K) for the particular superconductor and Apjgeq
value is that of a fully connected MgB, sample (practically 7-9 u€) cm, as for fully
connected chemical vapor deposition made MgB, filaments [77]).

More extensive connectivity analysis is proposed by Collings et al [70], who
extended the Rowell model, introducing parameters relative to superconducting
properties of the material (e.g. Debye temperature and a material constant (K)

as a measure of connectivity).

2.4.2.2. Flux pinning

The behaviour of the critical current density at applied magnetic fields (B,),
Je(B,), can be described by a bulk pinning function, F,. F), is given by sum-
mation of elementary pinning forces, f,: F, = Xf, [78; 79; 80]. Summation leads

to an expression of pinning force as

F, = Bof(h) (2.3)
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where h = B,/B.. Since in MgB,, F, vanishes at the actual irreversibility
field (B;;r), in Eq. (2.3) Bey can be replaced by Bj,.. [70]. The bulk pinning force
normalized by its maximum value (£7"*") can be described by a function: f(h) oc
hP(1 — h)?, where p and ¢ are fitting parameters. As proposed by Dew-Hughes
[78], various types of pinning can be described by these parameters. “Normal” (g
= 2) pinning (e.g. pinning by non-superconducting features), is classified as due
to volume pins (for which p = 0); surface pins (p = 1/2); and point pins (p = 1)
[78].

Intensive research on the nature of pinning in thin films and bulk MgB, con-
firmed that pinning in this material mainly occurs on grain boundaries [66; 83; 84;
85; 86; 87|, as well as intragrain nano-impurities (e.g. MgO, Mg(B,0),) [73; 81; 82]

and nanoscale crystal lattice defects (stacking faults, dislocations, etc) [88].

2.4.3 Critical fields. Anisotropy

Being a type-II superconductor, MgB, has two critical fields: B.; and B.. The
crystal structure of MgBs is anisotropic (Fig. 2.1), which results in anisotropy
of superconducting properties in directions parallel to the ab-plane and the c-
direction of the crystal lattice. The lower (upper) critical field parallel to the
ab-plane is defined as B ap (Be2,ab), and parallel to c-direction as B . (Beaye)-
Then, the anisotropy parameter, v, is defined for the lower critical field as yg.; =
Bt ab/Be1,c and for the upper critical field as ype2 = Beo,ab/Beo.c-

The values for B, estimated for polycrystalline samples at 0 K vary from
25 mT to 48 mT [25]; for single crystals estimation at 0 K of B. . = 27.2 mT
and By o = 38.4 mT [89]. The yp. reported at low temperatures is between 1-2
[90; 91].

The temperature dependencies of the B 4, Beac, and vpe values obtained by

different techniques on single crystal are presented in Fig. 2.3. These B., values
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Figure 2.3: Temperature dependence of upper critical field determined by differ-
ent techniques for two field directions for a single crystal of MgBs,.
The inset shows the temperature-dependent anisotropy coefficient ~y

[92].

are relatively low (Bea = 18 T and Be, = 3.5 T) compared to B g = 50 T
obtained by Gurevich et al. [93] in thin MgB, films contaminated with impurities.
As can be seen from the inset in Fig. 2.3, the yp.o value is about 4.2 at 20 K(for
single crystal) and decreases with increasing temperature down to about 1.5. vpe2
values of 5-6 are estimated at 0 K for polycrystalline samples [94; 95; 96].

The temperature dependence of B, for an MgB, sample is presented in Fig. 2.4
[97]. Surprisingly, the scaling equation valid for one-gap superconductors in the
dirty limit (Be(0) = 0.697.(dBe/dT)r. [98]) did not give satisfactory fitting re-

sults. The origin of the observed B (7") behaviour lies in the nature of the multiple
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Figure 2.4: Temperature dependence of By for the dirty two-gap MgBs super-
conductor. The dashed curves are for o and 7 films in the one-gap
dirty limit. The solid curve shows B (T) calculated from the two-
gap dirty-limit BCS theory [97].

gaps in MgBs superconductor. An explanation of B (T') performance was given
by Gurevich, who applied a dirty-limit, weakly coupled, multi-band BCS model
and took into account intraband and interband scattering by non-magnetic impu-
rities [97]. He showed that B.(7") depends on which band (o or ) is dirtier and
has the higher value. Thus, if the 7 band is dirtier, it will have higher B, at low
temperatures, and total Be(T) will show an upturn behaviour at low tempera-
tures, as schematically shown in Fig. 2.4. The experimental evidence of upward

B (T) at low fields was demonstrated by Braccini et al [99], who studied thin
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MgB;, films with introduced disorder (via C-doping). Importantly, in his model
Gurevich, [97] demonstrated the opportunity for further enhancement of the upper

critical field by tuning the impurity scattering.

2.4.3. Coherence length and penetration depth

The coherence length (§) and penetration depth (A) of MgBs were estimated using

experimentally observed B., and B.; values using the equations:

®,
Bcl A2 lnli, (24)
and
0
Bo= —— 2.
c2 27_‘_527 ( 5)

where ®y = h/2e = 2.07x107'® Tm? is the magnetic flux quantum and xk = A/
is the GL parameter (see Chapter 1).

The values of A\ reported for MgBs, in the literature vary from 85 to 203 nm,
with an average value of 140 nm [25; 100; 101]. £(0 K) of 5 nm was reported for
polycarbosilane MgB, samples [77; 102], while the values £,;, = 10 nm (parallel to
ab-plane) and &, = 5 nm (parallel to c-direction) were reported for MgB, single

crystal [21].

2.4.4 Summary

Summarizing the critical properties of pure MgBs superconductor, it is important
to note that (i) the critical current density is rapidly degraded under applied
magnetic field, which indicates weak pinning in the pristine material; and (ii) the
upper critical field is not sufficiently high (~18 T) for pure samples.

With prospects for practical application of this material, these critical proper-

ties need to be enhanced without significant reduction of the critical temperature
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of the final MgBs product. In order to push the properties of MgB, conductor
towards practical application, the relatively simple method of chemical doping can

be employed.

2.5 Chemical doping

Chemical doping has been extensively studied in order to enhance the supercon-
ducting properties and thus increase the potential of MgB, superconductor to
replace low temperature superconductors (NbTi, NbsSn), which have been in the
market for magnet applications for the last 50 years. A brief review of the dopants
studied is summarized below. Among all of them, only a few elements, namely, Al,
Mn, Li, and C result in substitution in either Mg or B sites in the MgB, crystal
lattice and therefore change the two-gap properties of MgBs. Recently, Dou et al
[103] proposed a dual reaction mechanism for SiC doping, which helps to classify
all dopants in regards to their effectiveness for enhancement of superconducting

properties in MgB,.

2.5.1 Dopants substituted for magnesium in the MgB, lat-
tice

Among the many doping materials studied, only three result in substitution into
Mg sites in MgBy crystal lattice. The effects of these dopants on the physical
properties of MgB, are summarized below.

Al doping. Al substitutes for Mg and donates electrons reducing the number
of holes in MgBy, thus suppressing 7.. The decrease in T, is very significant:
x = 0.4 in Mg;_,Al, By results in loss of superconductivity [104]. Increasing the Al
doping level from 0 to 0.09 causes a slight increase in the m-gap value, which was

explained by weak interband scattering in Mg;_,Al, By [105; 106; 107]. However,
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this effect was very weak, and enhancement of B,y was not observed [108]. Further
increasing the Al content to about x = 0.3 resulted in reduction of both ¢ and
m-bands [106].

Li doping. Interestingly, despite of expectations that substitution of Li for
Mg would dope holes into MgB, and increase T, a slight decrease in the T, value
and MgB, crystal lattice distortion were experimentally observed in Li-doped sam-
ples [109]. In order to separate the effects of charge doping and lattice distortion
caused by Li doping, isoelectronic AlLi co-doping in MgB,; was studied. Com-
parative analysis of Mg;_,(AlLi),Bs compound with Al-doped MgB, suggested
that superconductivity is mainly affected by Al substitution [110]. Theoretical
investigation of AlLi co-doped MgB, demonstrated that Al dopes both ¢ and 7
bands, but Li provides holes only to the 7 band [111]. Since 7T is determined by
the o band, the overall effect of AlLi doping tended towards T, reduction. Thus,
reduction of T, in Li-doped MgBs; was ascribed to lattice distortion caused by Li
doping.

Mn doping. Mn substitutes for Mg and reduces T, even more rapidly than Al:
only 2 % Mn substitution completely destroys superconductivity in MgBy [112].
Similar to Al doping, both gaps are reduced with increasing Mn content. Notably,
Mn results in substitution for Mg. It was shown that the suppression of T, is

mainly due to magnetic pair breaking in MgBs caused by Mn doping [112].

2.5.2 Nano and organic C-based doping

It was experimentally found that C-based doping leads to significant enhancement
in the superconducting properties of MgB, conductor.

C-based doping results in C substitution into B sites in the MgB, crystal lat-
tice. In addition, C donates electrons and reduces the number of holes in MgB..

According to the configuration of the superconducting gaps in MgB, (Fig. 2.2),
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2D o- and 3D w-bands are located in the B-plane, and thus, C substitution for B
has a significant impact on the inter- and intraband scattering [27]. For C-doped
MgB, single crystal, a decrease in the ¢ band and flattening of the m band with
increasing C-doping content was observed [113; 114; 115]. At higher C-content
(z = 0.12 in MgB,_,C,), the ¢ and 7 bands merge, providing clear evidence for
interband scattering [106; 113; 116].

Generally, C-based doping results in constriction of a-lattice parameter, and
leaves c-lattice parameter unaffected. This change in lattice parameter (Aa) sup-
presses T, of C-doped samples.

In order to evaluate the level of C substitution (z) for B in MgB, crystal
lattice, Avdeev et al [117] suggested an empirical equation (based on neutron
diffraction data) = = 7.5/ (c/a), where A(c/a) is the change in ¢/a compared to
pure sample. It should be noted that type of dopant and sintering temperature
significantly affect level of C-substitution for B in the MgBsy samples [103].

As a result of C substitution into MgB, lattice and formation of impurity
phases (different for each type of dopant), a dense network of nano-scale crystal
lattice defects forms in C-doped samples. In addition, a number of nanoscale
impurities form during heat treatment (e.g. Mg,Si, BO,, Si,B,0,, BC for SiC-
doping [88; 118; 119; 120], or BC, MgyCs, MgB,C—2 for C-doping [121; 122] as
observed in TEM and HRTEM studies.

It is well known that in type-II superconductors, vortex lines have a normal
core diameter of 2. ¢ is 5 nm in MgBs (Sec. 2.4.3), and thus, impurities and
defects with sizes around 10 nm are ideal pinning centers. Many reports have
demonstrated that C-based doping improves pining and thus the current carrying
ability of MgB,_,C, samples [103; 121; 122; 123; 124; 125; 126; 127; 128; 129; 130;
131; 132; 133; 134; 135; 136; 137].

As a result of the modification of interband and intraband scattering discussed
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above, C-based doping results in a very effective enhancement of B., values. The
intraband scattering in these samples is increased via shortening of the electron
mean free path, ¢ [93]. As a consequence, £ will be shortened according to the
equation 1/& = 1/0+ 1/&, [93], but B is increased according to Eq. (2.5). The
observed increase in B, at low temperatures is attributed to the dirtier 7 band,
as is demonstrated in Fig. 2.4. For instance, record high B 4 over 60 T (0 K)
was observed in C-doped MgB, films prepared by the HPCVD technique [24; 138].

Electromagnetic characteristics for different types of C-based doping are pre-
sented below.

Nano-C doping. For 5 at% C-doped MgBs; tape, the 5 K transport J, reached
1.85%10% A/m? at 10 T and 2.8x107 A/m? at 14 T. The record high value of 4.2 K
J. = 10% A/m? at 14 T was reported for Fe-sheathed MgB, wire after ball milling
of precursor powders [139]. B, value as high as 32.5 T was observed in CVD
fabricated MgB,_,C, fibers with x = 0.038 [140].

CNT doping. For (single wall) CNT-doped MgB,y wire, the highest 4.2 K
transport J. = 108 A/m? at 14 T and 3x107 A/m? at 12 T was reported in Ref.
[127]. B, value of about 40 T at 0 K was reported for double-wall CNT-doped
MgB, [141]; By, = 9 T at 20 K was reported in Ref. [142].

Nano B,C doping. The 4.2 K J, value of 10® A/m? at 9 T was reported in
Ref. [143]. For B,C dopant, the sintering temperature can be reduced from 900°C
to 800°C, which is preferable for pinning on a larger number of grain boundaries
and thus J.(B,) enhancement.

Nano SiC-doping. This is the first nano-dopant that resulted in signifi-
cant enhancement of J.(B,), Be(T), and B, with small reduction in 7, (about
2 K) [133]. 4.2 K transport J. = 2 x107 A/m? at 16 T was reported in Refs.
[124; 134]. 4.2 K B,y value of 33 T were reported for SiC-doped MgB, wires [144],

and a value of 40 K for bulk samples sintered at temperature of 600°C [145].
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Organic C-based doping. A variety of organic materials have been stud-
ied as dopants in recent years (sugar [146; 147], malic acid [148], polycarbosilane
[149; 150; 151], tartaric acid [152], etc.), all showing enhancement of MgBs elec-
tromagnetic properties. Importantly, a small amount of sugar did not result in a
degradation of self-field J. [146]. A B (T') value of 36 T at 5 K was approximated
for a sugar-doped bulk sample [147]. A high current carrying ability (5 K (mag-
netic) J. = 3x10% A/m? at 8 T), which outperforms that for nano-SiC doping,
was observed in a bulk polycarbosilane-doped MgBs sample [149; 150].

The advantages of organic doping are (i) decomposition of organic material
at low temperatures and release of highly reactive amorphous C before MgB,
formation; and (ii) homogeneous distribution of the organic dopant within the
MgB, matrix as a result of pre-mixing the organic dopant with B particles in

liquid media [146; 148; 149].

2.5.3 Dual reaction model. Classification of dopants.

Standing foremost among other dopants, the effects of nano-SiC doping, resulting
in excellent enhancement of electromagnetic performance of MgBs conductor, were
not understood for several years. In 2007, Dou et al. [103] proposed the so-called
dual reaction model, which explained the uniqueness of SiC dopant (compared to
other C-based dopants) for MgB,;. Moreover, this model enabled a classification
of dopants in regards to MgB, superconducting property enhancement.
According to Dou et al. [103], highly reactive C appears in the Mg+2B system
doped with SiC due to reaction of Si and Mg, which form Mg,Si and releases C
at low temperature (~ 600°C). This fresh C is easily incorporated into the lattice
of the MgBs,, which apparently forms at the same temperatures (> 600°C) and
results in consequent enhancement of impurity scattering and vortex pinning. The

SiC also takes advantage of low temperature synthesis of MgBs, which yields small
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grain size, an increase in the density of grain boundaries, and hence, enhancement
of the grain boundary pinning. In addition, highly dispersed fine particles (MgsSi,
BO,, Si,B,0,, BC), and the excess nanosized C can be embedded into the MgB,
matrix, matching the coherence length of MgB,, which makes them good pinning
centers.

An important outcome of this model is that all dopants can be classified in to
four groups in terms of their beneficial effects on the superconducting properties of
MgB, [103]: the first group are SiC and the carbohydrates, where fresh reactive C
is incorporated into the B site at the temperature of MgB, formation; the second
group are materials such as nano-C, CNT's, and B4C, which provide C substitution
at higher temperatures than are required for MgBs formation; the third group are
Si and a number of silicides, which can react with Mg at the MgBs formation
temperature, but without C substitution; the fourth group, including compounds
such as BN and MgO, has little positive, or even a negative effect on enhancement
of MgB, superconducting properties due to the lack of any reaction or substitution

up to very high sintering temperatures.

2.5.4 Some other dopants studied

Several dopants have an important (from the practical point of view) impact on
MgBs, microstructural and thus electromagnetic properties; they are summarized
below.

Ti [153; 154; 155], Zr [156], and Ta [157; 158], as well as the silicides ZrSis and
WSi [159], which do not enter the MgB, crystal lattice, result in either absorbtion
of oxygen at the grain boundaries (Ti, Ta, Zr), or improve grains connectivity, re-
duce porosity, and enhance pinning and .J.. Dy2O3 [160] and Zr doping [161] result
in grain size reduction; Y203 doping [162] leads to formation of highly dispersed

(YB,) nano-inclusions; Fe;O3 doping materials [163] act themselves as effective
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pinning centers - all of these dopants contribute to enhancement of pinning in

MgB,. However, they have less significant enhancement of MgB, superconducting

properties compared to C-based doping.

2.6 Fabrication of MgB, superconductors (fibers,
bulk, wires and tapes)

Based on 50 years of low-T,. (NbTi, Nb3Sn) and 20 years of high-T,. superconductor
fabrication experience, the first MgBy samples in the form of fibers, followed by
bulk, wire, and tape were quickly fabricated. A number of techniques applied for

fabrication of practical MgBy conductors are described in this Chapter.

2.6.1 Diffusion method

First, superconducting MgB, wires were synthesized by Mg diffusion into B fibres
having a diameter of 200 pm [77]. These wires demonstrated self-field J. values
of 10 A/m? at 4.2 K. They also had very low normal state resistivity piox of
0.38 Qcm and the high RRR value of 25.3. Some other papers on this method
report formation of short wires with 7, of 39.4 K [102]; several hundred continuous
wires within an Mg matrix studied in Ref. [164] had a broad transition with critical

temperature of 39 K and demonstrated poor homogeneity.

2.6.2 Liquid infiltration

The reactive Mg-liquid infiltration technique enabling formation of dense MgB,
wires was demonstrated by Giunchi et al [165]. The billet configuration for this
method consists of a central Mg rod surrounded by B powder inserted into soft

steel tube. An Nb tube was used as a barrier between the steel and B the powder.
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After deformation, the wire was subjected to a heat treatment for 3 h at 900°C.
During sintering, Mg reacted with B, leaving a hole in the center of the wire.
J. = 8 x 10° A/m? was observed at applied magnetic field of 1 T at 4.2 K. This
technique was also used to fabricate seven filament wires reaching J, > 10° A / m?2

at 4.2 Kand 4 T.

2.6.3 In-situ and ex-situ techniques

MgBs bulk, wire, and tape samples can be fabricated using either in-situ or ez-situ
approaches.

In the #n-situ method, pure Mg and B powders are mixed in a stoichiometric
composition, compacted to the desired form (bulk or wire, tape) and subjected
to the heat treatment procedure for formation of MgB, compound. The purity
and size of the initial materials have a significant impact on the grain size and
connectivity in the final product [74; 166; 167; 168; 169; 170; 171], demanding
usage of high purity and small size precursor materials. During in-situ MgB,
processing, some level of MgO impurity is always observed. If formed at the
grain boundaries, MgO reduces the current flow in the MgB,. In order to reduce
the level of MgO, a number of authors have suggested replacing Mg by MgH,
compound [119; 172; 173; 174; 175]. Since pinning on grain boundaries dominates
in MgB, (Sec. 2.4.2.2), formation of MgB, with small grains is desirable. The size
of grains can be controlleda and kept small by sintering Mg+2B mixture at lower
temperatures (600 - 650°C). The In-situ technique enables effective introduction
of dopants (incorporation of dopant elements into the lattice) and stoichiometry
variations. For instance, it was demonstrated that some excess of Mg improves
in-field properties of SiC-doped MgB, [125] and the low field J. value of MgB,
[176].

In the ex-situ approach, commercially available reacted MgBs, powder is used.
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The advantage of this method is higher density compared to in-situ samples [177;
71; 178]. The properties of the final MgB, product depend greatly on the purity
and size of the starting MgBs powder. It was found that sintering at high (900 -
1000°C) temperatures [179] and ball milling [16; 180] of the starting MgBs powder
are beneficial for better grain connectivity, formation of larger number of grain

boundaries, and uniform distribution of MgO impurities in the final material.

2.6.4 CIP, HIP and CHPD

In order to improve density of in-situ or ez-situ MgBy superconductors, cold iso-
static pressing (CIP) and hot isostatic pressing (HIP) can be effectively employed.
A number of papers has been published on MgB, prepared by these techniques.
These demonstrated higher density in both in-situ and ex-situ [59; 181; 82; 182;
183] formed MgBs bulk and short-length wires and consequently, resulted in en-
hancement of current carrying ability in these samples. For instance, 4 K J.
of 107 A/m? and 2.5x10% A/m? were observed in HIP-treated MgB, wire and
its non-HIP-treated analog [59]. Authors explained the observed results by the
high density of nanodefects (small angle twisting, tilting, and bending bound-
aries) formed in HIP treated ex-situ MgBs wires, which improved pinning, J.(B,)
and B;, (up to 17 T at 4K compared to 14 T for non-HIP-treated sample) at high
fields. In spite of enhancement of density, grain connectivity, and superconduct-
ing characteristics, these methods are not applicable for fabrication of long length
wires.

Recently, Flukiger et al. [184] reported the effects of cold high pressure densi-
fication on in-situ MgBy wires. They demonstrated enhancement of density and
grain connectivity in the final MgBs, and an increase in J,. (by 300% at 20 K and
5 T, and by 53% at 4.2 K, 10 T) and B, (by 0.7 T at 20 K) with respect to

the same wires without the application of pressure. The effect of the cold high
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pressure densification was particularly pronounced at 20 K. This technique seems

to be applicable to long-length wire fabrication.

2.6.5 PIT and CTFF. Sheath materials

Powder in tube (PIT) and continuous tube forming and filling (CTFF) are two
widely employed methods for fabrication of mono- and multifilament MgB, wires
and tapes.

In the PIT technique, (in-situ or ez-situ) MgBy powder is packed into a tube,
which then subjected to deformation and an appropriate heat treatment proce-
dures at the final size. For deformation, different routes can be used, including
rotary swagging, extrusion, drawing, groove or two-axial rolling, and flat rolling
[64; 133; 168; 173; 185; 186; 187; 188; 189; 190; 191], which affect core density,
grain connectivity, and thus, current carrying ability of the final wire. For in-
stance, extrusion [191] and rolling deformations [168; 173] lead to the highest core
density. In contrast, drawing of wires results in lowered core density (as a re-
sult of axial strain), but such wires can be improved by employing a mechanically
strong sheath material (e.g. stainless steel) [186]. Flat wire geometry observed
after rolling causes undesirable J. anisotropy in MgBs; wires. Two-axial rolling
deformation results in relatively good density, prevents flattening of wires, and is
beneficial for fabrication of MgBy wires by PIT [192].

In the CTFF technique, precursor MgB, powder is dispensed onto a strip of
metal, which is then moved through tube shaping dies, resulting in formation of
an overlap-closed tube filled with powder in continuous lengths [193].

The sheath material has a strong influence on electromagnetic performance
of MgBy wires/tapes. First, this material should be relatively hard to assure
high density and good grain connectivity of the final MgB, superconducting core.

Second, it should possess high thermal and electrical conductivities in order to
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prevent thermal instabilities in the superconductor. Several materials have been
used as a sheath material, including Fe, Ni, Cu, Ag, Nb, Ta, and their alloys
(stainless steel (SS), Monel, etc.) [178; 194; 195; 196; 197; 198; 199; 200; 201; 202;
203; 204; 205; 206; 207; 208; 209].

It was found that Ag and Cu, which would provide good stabilization of MgB,
wires, are not compatible with MgB,. At sintering temperatures between 600°C
and 900°C, in-situ MgB, reacts with these materials resulting in various (at dif-
ferent temperatures) Mg-Ag and Mg-Cu binary compounds between the super-
conducting core and the Ag or Cu sheath materials, respectively. These reactions
lead to deficiency of Mg in MgB,; and degrade the J.(B,) performance of final
the MgB, wires/tapes. Similarly, Ni as a sheath material forms Mg-Ni reaction
layer with in-situ formed MgB, wire [210]. However, it can be effectively used for
fabrication of Ni-sheathed ez-situ MgBs tapes with and without annealing [211]
(Fig. 2.5 [64]).

Hard materials, such as Fe, SS, and Ta do not react with MgBy up to high
temperatures (~900°C) and are generally used for mechanical reinforcement or
as a barrier. For instance, Fe/Cu [215; 216], Fe/SS [213; 217], Cu/Ta [218; 219],
Ta/Cu/SS [220], Nb/Cu/SS [220; 221], Ta/SS [213], Nb/SS [213], and Monel/Nb
[260] have been used as a sheath materials for MgB,. Some examples showing the
current carrying ability of (in-situ and ez-situ) MgBy wires with different sheath
materials are shown in Fig. 2.5 [64].

It was found that Fe is an excellent sheath material for MgBs [194; 204; 215]: it
is compatible with (in-situ) MgBs up to high temperatures (T<900°C) [223], as-
sures wires with high density, and (due to the ferromagnetic nature of Fe) possesses
a shielding effect, reducing the effects of an external field on the superconducting
core [224]. However, in addition to its relatively high hardness, Fe does not provide

good thermal stabilization, which make this material practically not applicable for
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Figure 2.5: Magnetic field dependence of the transport J. of undoped MgB,
conductors with different sheath materials at 4.2 K [64]. References
in figure are Tanaka [212]; Schlachter [186]; Nast [213]; Suo [211];
Kumakura [214] .

multifilament MgB, wire fabrication.

2.6.6 Thermal stability

Type-II superconductors operate in a mixed (normal and superconducting) state
(Chapter 1, Fig. 1.4), and magnetic field penetrates into it through the normal
cores. Any change in magnetic field may result in unstable behaviour of the su-
perconductor. This is because magnetic field induces screening currents, flowing
at the critical density J.. Changes in the screening currents allows flux to move

into the superconductor, which is followed by energy dissipation. Because thermal
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diffusivity in superconductors is low, energy dissipation causes the local temper-
ature to rise. For a conductor in a superconducting state, heat release of several
microjoules may be enough to increase local temperature well above T,.. The re-
sulting “hot spot” is in a normal (ohmic) state and generates more heat. If heat
is generated faster than it is removed, the whole wire can transit to the normal
state. Due to the large currents carryed by a superconductor, the temperature
can increase to a very high value, resulting in local melting or evaporation of the
superconductor. Thus, for practical application, it is necessary to enable good
heat transfer from the superconductor and quickly restore the operating temper-
ature. To minimize thermomagnetic instability in superconducting wires, normal
metal with high electric and thermal conductivities should be employed as a sheath
materials.

Cu or Cu-alloys are commonly used as stabilizing materials for (multifilament)
low-T. and MgB, superconductors [260]. However, it has long been recognized
that high purity Al offers several potential advantages over high purity Cu for
thermal stabilization of superconductors. It is due to its lower electrical resistivity
at low temperature, low magnetoresistance, and higher Residual Resistivity Ratio
(RRR) [250].

The work of this thesis pioneers the introduction of Al stabilization for MgB,

wires, which is described in Chapters 4-5.

2.7 Market for and application of MgB, conduc-
tors

Since 2001, rapid R&D progress on MgB, towards its practical application has
resulted in development of technical MgB, superconductor wires in kilometer-long

piece-lengths [16; 193; 241]. Today, MgB, superconducting wires are commercially
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available from three main manufacturers: Columbus Superconductors (Italy) [231],

Hyper Tech Research (USA) [232], and Hitachi Cable (Japan) [233].
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Figure 2.6: The B, and B, values of pure and SiC-added MgBs sintered at
600 and 900°C, respectively. The B, and B;,.,. values were obtained

from the 10% and 90% normal state, respectively. The By values of
NbTi and Nb3Sn are also shown in the figure [234].

Figs. 2.6 and 2.7 [234] show the superconducting characteristics of state-of-the-
art MgBs, NbTi and NbsSn (low-T,), and BiySraCayCuz O, (high-T,) superconduc-
tors. Possessing higher critical temperature (39 K), MgB, superconductor has a
higher upper critical field compared to NbTi (7. = 9 K) and NbsSn (7. = 18 K)
(Fig. 2.6 [234]). The upper critical field (B, on the top of shaded areas), as well as
irreversibility filed (B, at the bottom of shaded areas) of MgB, superconductor
are enhanced significantly by introducing SiC dopant in MgBy compound, as can
be seen in Fig. 2.6. As can be seen from Fig. 2.7, at the operating temperature

of 4.2 K| the current carrying ability of MgB, doped with SiC is comparable with



2.7. Market for and application of MgB, conductors 35

106: ¥ T L T L I » T L3 1 ¥ T L 1 L L]
N\
Bi-2223(20K) ™\, _
— . NbTi
=107 \
10 \
=z | SiC-MgB,
~ (20K) E
=)
S:
4
o107k
™ C
In-situ MgB,
(20K)
103 i L. 1 ! i
0 2 4 6 8 10 12 14 186

Figure 2.7: Comparison of J. of MgB, with other types of commercial supercon-
ducting wire [234].

the performance of NbTi wires at B, = 9.5 T, but it is still significantly below
the performance of NbsSn conductors, suggesting that there is a room for further
MgBs improvement. At 20 K, pure and SiC-doped MgBs superconductors are
competitive with Bi-2223 in the low field region.

For effective practical application, production and maintenance costs of super-
conducting devices are also crucial factors. These include materials and production
costs, and coolant expenses. At the temperature of 4.2 K, the cost-to-performance
ratio is estimated to be 1 Euro/kA-m at 2 T and 5 T for MgBs and NbTi, re-
spectively. The costs of Nb3Sn and Ag-clad BisSraCasCuzO, superconductors are
estimated at 5-25 Euro/kA-m (4.2 K, 12 T) and 50-200 Euro/kA-m (77 K, self
field), respectively [236; 237].

In addition to its low cost-to-performance ratio, MgB, is attractive for applica-
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Figure 2.8: MgB, based, cryogen-free, open MRI magnet [235].

tion at higher temperatures such as 20 K. These temperatures are easily reached
by modern cryocoolers, which can significantly reduce the cooling and operation
costs of superconducting devices.

The economic analysis of magnets performed in Ref. [24] indicates that MgB,
magnets are least expensive for a field of 1 T, but that the expenses increase
sharply above 1.5 T. This again shows the need for and the benefits of further

enhancement of critical current for MgBs superconductors.

Al housing

MgB, coil

Cu form
wall

Al housing

Figure 2.9: MgB, rotor coils for a 2 MW generator [242].
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With the described costs and performance characteristics, MgBs conductor is
attractive for several applications, among them, Magnetic Resonance Imaging
(MRI) magnets. The prototype of first cryogen free MRI magnet was made by
ASG Magnet using MgB, wires provided by Columbus Superconductors and is
shown in Fig. 2.8 [235]. The preliminary results [16] confirmed that the 18 km
of MgB, conductor used to wind the coils are satisfying the requirements of this
MRI system. The magnet immediately reached its nominal current of 90 A with
a central field of 0.5 T [16]. The first MgB, based MRI magnets will be out
in the market as soon as the tests and the full industrialization are successfully
completed.

With its potentially low cost, ability to operate at moderate temperatures (20 -
25 K), and very sharp (~ 1 K) transition from the superconducting to the normal
state, MgB, is very attractive as a cost-effective resistive-type superconduct-
ing Fault Current Limiter (FCL) element. Results have been reported on the
current limiting properties of different kinds of MgB, wires at 50 Hz in the tem-
perature range of 20 - 30 K [238; 239; 240]. MgB, wires showed good limiting
properties, characterized by a fast transition to the normal state and a limiting
effect without damage to the wire samples.

MgB, is also attractive for application in motors and generators replacing
existing NbTi conductors with lighter MgBy wires working at higher (20-25 K)
temperatures [241]. Fig. 2.8 shows the design of a superconducting electric gener-
ator (right) [242] and a conceptual model of an MgBs rotor coil in the rotor coil
pack (left) [193]. For this purpose, Hyper Tech Research made racetrack MgBs
coils from a 580 m continuous piece of MgBs cable using the wind-and-react ap-
proach. The best performing coil reached 400 A at 4 K [193]. The superconducting
generator demonstration will be a 2 MW generator operating at 20 K in liquid Hs.

Other possible applications of MgBs superconductor include adiabatic demag-
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netization refrigerators, magnetic separation, magnetic levitation, superconducting
magnetic energy storage, and high-energy physics applications. The feasibility of

these applications is analyzed in Ref. [241].



Chapter 3

Experimental techniques

3.1 MgB, sample preparation

In this work, wn-situ pure and doped MgB, superconductors were fabricated.
High purity (99%) powders of magnesium (- 325 mesh) and amorphous boron
(-325 mesh) were used as starting materials. These are the highest quality precur-
sor powders which were available for conducting this work. The major impurities
in these powders are oxides (oxidized surface of Mg powder and BoO3 impurities in
boron), which result in the formation of MgO impurities in the in-situ synthesized
MgBsy compounds. The level of these impurities should be kept low in order to
minimize an amount of MgO impurities and its effect on the current flow in MgB,
as explained in previous chapter. Doping materials (Fe, Fe;B, SiOs coated FesB,
SiC, CyHgSi, and Cy2Hg2011) were used in the form of nanosized powders with
sizes and types specified in each specific chapter. Samples were prepared in the

form of bulks and/or short length wires.
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3.1.1 Bulk samples

Powders of Mg and B were weighed out in the proportion of 1:2 and hand mixed
by mortar and pestle. Pellets 10 mm in diameter and 3 mm in thickness were
made under (maximum) uniaxial pressure at 10 tonne press. They were sealed in
Fe tubes and annealed in a tube furnace at different temperatures and for different
times (specified in each following chapter). The heating rate was 5 °C/min, and
the cooling time was 14 h, which corresponds to natural cooling of the furnace
to room temperature. The heat treatment procedure was conducted in flowing
high purity Ar gas under ambient pressure in order to avoid oxidation of MgBs

material.

3.1.2 Wire samples

In this work, Fe-sheathed MgBsy wires were fabricated by the Powder-In-Tube
(PIT) technique [118; 133]. This includes the following steps:

First, mixing of Mg and B powders in the stoichiometry of MgB,. Then the
powder mixture was packed into a clean Fe tube having an outside diameter of
10 mm and a wall thickness of 1.5 mm. One end of the tube was sealed with a
piece of Al foil.

Second, the Fe-MgBy composite was drawn through the conical hole of suc-
cessive round dies at a speed of a few cm/s. The deformation of the composite
rod was about 17 % at each size of the die. Final Fe-sheathed MgB, wires had
diameters of 1.42 or 1.00 mm.

Third, wires were cut in several short pieces and sealed in an Fe-tube. The
annealing was conducted in a tube furnace in flowing high purity Ar gas at different
temperatures and for different times (specified in according chapters) for formation

of superconducting MgB, phase.
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3.1.3 Aluminizing technique

In order to study the effects of Al as a stabilizer for MgBs wires, an aluminizing
technique was developed and realized. Open-plan melting furnace with an Al,O3
crucible was modified for conducting the aluminizing procedure on Fe-sheathed
MgB, wires (Fig. 3.1). Since MgB, is easily oxidized at higher temperatures, it
was required to reduce oxygen by passing high purity Ar gas over it under the
ambient pressure. For this purpose, a stainless steel cup with an inlet for Ar
gas fully covered crucible was prepared. Al was melted inside the crucible at
temperatures > 650 °C, as specified in subsequent chapters. The temperature of
hot aluminizing procedure was controlled by thermocouple immersed inside the Al
bath. Fe-sheathed MgB, samples were immersed in a molten Al bath through the

hole on the top of the protective shroud.
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Figure 3.1: Melting furnace modified for hot aluminizing of Fe/MgBy wires.

3.2 Phase and structure characterization tech-
niques

All synthesized MgB, composites and some dopants were analyzed by X-ray diffrac-
tometer (XRD) and by Scanning and Transmission Electron Microscopes (SEM
and TEM).

3.2.1 X-ray diffraction

X-ray examination was carried out using a Philips PW1730 instrument, which
was fully automated and configured in a Bragg-Brentano focusing geometry with

260 optics. In all X-ray investigations, monochromatized CuK, radiation from a
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normal focus X-ray tube was used, having wavelengths of Agxa1 = 1.5405 A and
Aoz = 1.5443 A.

XRD study was performed on powdered samples. The sheath material of the
MgB, wires was mechanically removed, and the superconducting core or pellet
samples were ground into powder, which was attached to the glass slide by a drop
of ethanol for XRD study.

The detection sensitivity of our XRD instrument is 5 wt.%, and thus, phases
with volume ratios less that 5 wt.% would not be detected. Bragg’s law was
used to index peaks in the XRD patterns [243]: 2dsinf = n)\, where n is an
integer, A is the radiation wavelength, 6 is the diffraction angle, and d is the inter-
planar distance. The lattice parameters were calculated from the positions of the
(110) and (002) MgB; peaks, which correspond to the a and c-lattice parameters,

respectively, or by fitting XRD patterns using the Rietveld refinement method.

3.2.2 Scanning electron microscopy

Microstructure of MgBs samples was investigated with help of the JEOL 6460
Scanning Electron Microscope (SEM) based at ISEM, University of Wollongong.
The imaging was performed using the secondary electron detector. The resolu-
tion of the instrument is about 20 nm, with of maximum magnification of 35,000
times. Microstructure analysis of bulk MgBy was performed on fractured samples
attached to carbon tape, while samples in the form of wire required special prepa-
ration. Short wire samples (3 mm in length) were prepared by cold mounting
the wires in Strues Epofix epoxy resin. The polishing of mounted samples was
performed using SiC polishing papers with sizes from 600 to 2400 mesh, followed
by fine polishing with 5-1 micron diamond paste. Epoxy mounted and polished

samples were coated by a thin layer of carbon in order to make samples conductive.
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3.2.3 Transmission electron microscopy

Transmission Electron Microscopy (TEM) has much higher resolution (down to 0.2
nm), when compared to SEM [244]. TEM can be used for analysis of fine structures
on the atomic scale using electron beam energies in the range of 60 to 350 keV.
In this work, TEM investigation was carried out with help of a JOEL JEM 2011
unit (based at the University of Wollongong). The maximum beam energy for this
instrument is 200 keV, which corresponds to an electron wave length of 0.0025 nm.
TEM was used for observation of the grain size of pure and doped MgB, samples,
analysis of nanostructures of secondary phases, and visualization of crystal lattice
defects. In contrast to SEM, where the image is formed by electrons reflected from
the surface of the sample, the TEM collects the electrons, which are transmitted
through the sample. Thus, specimens for TEM should be very thin. In this work,
pure and doped MgB, samples were prepared by Focused Ion Beam (FIB) milling
in the University of New South Wales, Sydney. Samples of 100 nm thick and 5
micron long were prepared and placed on a holey-carbon coated copper grid for

TEM study.

3.3 Electromagnetic characterization of samples

Superconducting properties of pure and doped MgBs samples were investigated by

magnetic and transport measurements.

3.3.1 Magnetic measurements

Magnetic measurements were carried out using a Physical Property Measurement
System (PPMS, Quantum Design). The critical temperature, T,, was defined as
the onset of superconducting screening determined by measuring the real part of

the ac susceptibility. The measurements were done in a magnetic field of 25 Oe.
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The absolute value of the dc magnetization was measured on a sample with
an applied constant field. The sample was moved through the entire detection
coil. The pick-up coil detects the waveform signal from the sample. The signal is
then fitted with the known calibration waveform, with the magnetic moment of
the sample being a fitting parameter.

Magnetic critical current density, J., was calculated from the measured mag-
netic hysteresis loop assuming that J. ~ AM, where AM is the width of the
hysteresis loop. The calculation of magnetic J. from the dc magnetization loop is
based on the critical state model [245].

The magnetic J. were calculated using the following relations [246]:

i) for a bar shaped sample:

(3.1)

where a and b are the dimensions of the sample perpendicular to the magnetic
field (a < b).
ii) for a cylindrical sample with long dimension parallel to the applied magnetic

field:

AM

where d - is the diameter of the cylinder.
iii) for a cylindrical sample with long dimension perpendicular to the applied
magnetic field:
AM

In Egs. (3.1)-(3.3) the units used are for J, in [A/m?], for AM in [emu/m?],
and for a, b, d values in [m].
It was found that magnetic J. of MgB, material is sample size dependent

[247; 248], thus, all samples for magnetic measurements were shaped to the size
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of 1x2x3 mm for bulk samples and to a length of 3 mm for samples in the form
of wire. In this work, the dc magnetization of samples was measured in a time-
varying magnetic field with a sweep rate of 0.005 T'/s and amplitude of up to 8.5 T

at temperatures of 5 and 20 K.

3.3.2 Transport measurements

In this work, the four probe technique was used for measurement of transport
critical current, I.. Four contacts (two outer contact for current and two inner for
voltage) were directly attached to the sample. The measurements were performed
by the group led by Prof. Babic in the University of Zagreb, Croatia. In their set
up, [-V curves were measured using a 0.5 ms long pulse of current (rectangular
pulses with a maximum current of 320 A) at 20 K and 5 K. A magnetic field
was applied parallel to the wire. The criterion for I, definition was 1 pV/cm.
The transport critical current density, J., was calculated by dividing I. by the
cross-sectional area of the MgB, core.

The four probe method was also employed for resistivity measurements of the
superconducting core of the wires or bulk samples, which was performed on the
PPMS (Quantum Design). The current and voltage contacts were attached to the
surface of the sample by silver paste. The measurements were done in magnetic
fields up to 8 T at current density of 1.3x10* A/m?2. The upper critical field, B,
and the irreversibility field, B;,.., were defined from the temperature dependence

of the resistivity p(7") measured at different fields, using the relations:

and

p(Birr) = O'lp(Tc)' (35)



Chapter 4

Powder-in-tube and solid-state

diffusion approaches for
fabrication of Al-stabilized MgB»

superconductor

4.1 Introduction

Since the discovery of superconductivity in MgBs [10], this material has been pro-
duced in different forms - bulk, tapes, and wires. For practical application of
superconductors, wires and tapes with high critical current are necessary. Con-
siderable work has been done to investigate and optimize the properties of MgB,
wires and tapes with different sheath materials such as Ag, Cu, Monel, Ni, Nb,
stainless steel, and Fe (see for example [194; 204; 207; 266; 267; 268; 269; 270; 271]
and references therein). Chemical compatibility with MgB,, high hardness, low
specific weight, and the low price of Fe make it the most suitable sheath material

for fabrication of long length MgB, wires and tapes. However, Fe creates a low
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thermal conductivity (Aggrr = 15.4 W /cm K) barrier for heat sinking to the cryogen
bath or cryocooler. This can result in thermomagnetic instability [224] and trigger
the transition from the superconducting to the normal state in superconducting
coils at high currents due to avalanche-like heat release.

It is well known that one of the most important goals for practical large current
applications of wires/coils is good thermal stabilization. To minimize thermomag-
netic instability in superconducting MgB, wires sheathed in iron, a normal metal
with high electrical and thermal conductivity, such as Cu or Al, can be used for
stabilization. It has been long recognized that high purity aluminum offers several
potential advantages in the stabilization of superconductors.

First, over a wide range of temperatures, the resistivity of Al (pure and alloys)
is lower than the resistivity of pure Cu (Fig. 4.1, left). Furthermore, Al has a high
residual resistivity ratio (RRR = ps00 x/p10 ). High purity Al (99.995%) with
RRR of 5000 is commercially available [225], while high purity coppers (OHFC,
C101, >99.99%) have in-service RRRs within the range of 100 to 200 [226; 227].
Given such values (e.g. RRR4; = 4000, RRR¢, = 150) the advantage in electrical
resistivity at 10 K is obviously 27:1, and in thermal conductivity is 9:1 [252].
Under applied magnetic fields, RRR 4; decreases rapidly between 0 and 1 T from
5000 to 4000, and then drops from 4000 at 1 T to 1000 at 5 T [228]. In case of
Cu, RRR¢,, decreases uniformly from 70 at 0 T to 30 at 5 T [252]. Nevertheless,
RRR 4 > RRRc, over the entire field range of 0-5 T.

Second, Al has higher thermal conductivity at low temperatures than Cu
(Fig. 4.1, right). At the temperature of 20 K, the thermal conductivity of Al
(99.995%) is 117 W/cm K, while for Cu (99.99%), it is 108 W/cm K [229].

Third, aluminum has lower magnetoresistance than copper [230]. The rate at
which the resistance of aluminum rises with transverse magnetic field diminishes

substantially between 1 and 2 T [225], whereas the resistance of copper continues
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Figure 4.1: Temperature dependence of resistivity (a) and thermal conductivity
(b) for Al and Cu [226].

rising at a steep rate. This characteristic makes aluminum favorable for application
in high magnetic fields.

Fourth, Al has lower density: the density of Al (2.70 g/cm?) is approximately
1/3 that of copper (8.86 g/cm?) [229]. Low density of the stabilizing material
results in lower weight of superconducting wires or devices.

Fifth, Al has a low collision cross section and is effectively transparent to most
particles of interest in high energy physics experiments.

However, application of Al as a stabilizer has been limited due to serious diffi-
culties associated with the manufacture and use of aluminium stabilized (low-T)
superconductors. These difficulties have included the low melting temperature
of Al (NbsSn with reaction temperature > 650°C cannot be made using Al),
incompatible mechanical properties and processing technology (compared to Cu
stabilized NbTi), and poor joinability [226]. In order to overcome these difficul-
ties, different approaches have been employed including the technologies of radial
wrapping, linear wrapping, molten metal dip coating, extrusion, and electroplat-
ing. Numerous attempts have been made to provide Al stabilization in NbTi-based
low temperature superconductors [253; 254; 255; 256; 257]. However, in association

with already formed NbTi/Cu, Al was used for cryogenic stabilization in particle-
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detector magnets such as the Compact Muon Solenoid (CMS) [258; 255] and the
Toroidal Large Hadron Collider Apparatus (ATLAS) [259].

Al appears to be an attractive stabilizer for MgBy wires, because it will allow
the production of cheap and lightweight superconducting wires, suitable for ap-
plication even in the aerospace industry. Assuming a stabilizer-to-superconductor
volume ratio of 2:1 the density of A1/MgB, conductor is a factor of 3.0 lower than
that of Cu/NbTi. However, direct employment of Al for fabrication of Al-sheathed
MgBy wire by the in-situ process will result in serious damage or even loss of su-
perconductivity in case of a reaction between the Al and the unreacted Mg+2B
powder during the sintering process [104; 273]. On the other hand, the J.(B,)
performance of as-drawn Al/MgBs ez-situ wires is not high enough, due to the
low mechanical strength of the Al (see for example [274] and references therein).
Application of the final processing step in the fabrication of ex-situ MgBs wires
(their heat treatment at a temperature of 900°C [179; 194] resulting in J.(B,)
improvement) is restricted by low melting point of Al (660°C).

At the time when this work was started, the in-situ solid-state-diffusion for-
mation of MgB, at the temperature of 600°C was first demonstrated by Fujii et al
[173]. The sintering temperature of MgBs compound was below the melting points
of Mg and B, and thus the formation of MgBy occurs by solid state diffusion of
Mg into B [173]. Later on, these results were confirmed by Soltanian et al [251],
Yamamoto et al. [249] and our work [252].

In this chapter, the solid-state-diffusion approach has been further developed
as a means for processing Al-stabilized MgB, wire. The structural and supercon-
ducting properties of MgB, samples sintered in the range of temperatures from 600
to 630°C have been systematically investigated. The compatibility of Fe and Al
at these temperatures has also been studied. Since practical application of MgB,

wires for high (in-field) current applications became possible with introduction of
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SiC doping in MgB,, the properties of SiC-doped MgB, wires have also been tested

with Al used as a stabilizer.

4.2 Samples and experimental techniques

Fe-clad MgB; wires were prepared by an in-situ reaction method and the standard
PIT technique [118; 133]. Powders of magnesium (99%) and amorphous boron
(99%) were well mixed for fabrication of pure MgBy compound. For fabrication of
SiC doped MgBs wire, 10 wt.% SiC nanoparticle powder (with size of 10-100 nm)
was added to a mixture of Mg:2B with the atomic ratio of MgB..

Fe tubes were used that had an outer diameter of 10 mm, a wall thickness
of 1 mm, and the desired length with one end of the tube sealed. The mixed
powders were packed into the tube, and the remaining end was blocked using an
aluminium bar. For fabrication of Al-stabilized pure and SiC-doped MgB, wires,
the Fe-clad (pure or SiC doped) MgB, composite was inserted into an Al tube,
which had an inside diameter of 10 mm and a wall thickness of 1 mm. Al alloy
6060 with 99 wt.% Al, 0.5 wt.% Si, and 0.4 wt.% Mg was used in this work. The
Al/Fe-clad (pure or SiC-doped) MgB, composites were drawn or groove-rolled to
a 2.0 mm outer diameter. The Fe- and Al/Fe-clad MgB, wires were sintered in
a tube furnace at 600-650°C for 30-180 min, and finally furnace-cooled to room
temperature. High-purity argon gas flow was maintained throughout the sintering
process.

The phase investigation was performed using an X-ray diffractometer with
CuKa radiation. The magnetic J.(B,) characteristic for the superconducting cores
extracted from the wires were measured at 5 and 20 K using a Physical Properties
Measurement System (PPMS, Quantum Design) with applied magnetic field up
to 8.5 T. The magnetic J.(B,) was derived from the Eq. (3.2).
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4.3 Phase and crystal structure analysis of MgB-
compound

Fig. 4.2 shows XRD patterns for the Fe- and Al/Fe-clad MgB,, and for the
Al/Fe/SiC-doped MgBs samples annealed at 600°C for 30 min and 180 min re-
spectively.

It should be noted that all samples have small traces of unreacted magnesium as
a result of the relatively low sintering temperature (below the melting temperature
of Mg). However, the majority of peaks are related to MgB, phase in the pure
MgB, and Mg,Si phases in the SiC-doped MgBs samples. The results observed
imply that annealing of samples at a temperature of 600°C for 30 min is sufficient
for fabrication of pure samples, while SiC-doped MgB, samples require longer
annealing time (180 min) for reaction at this temperature.

We note that there are strong peaks of MgsySi in the SiC doped samples an-
nealed at 600°C (Fig. 4.2(a)). As reported in previous work [103], MgySi forms
at a temperature of about 600°C, releasing fresh carbon, but it decomposes with
increasing sintering temperature and disappears as the temperature reaches about
900°C. Nanosized MgsSi particles are highly dispersed in the MgB, matrix and
play an important role in flux pinning (Chapter 7).

As Al is much softer compared to Fe, it is expected that after drawing the
precursor powder, the density of the Al/Fe-clad MgB, wires may be reduced com-
pared to Fe-clad MgB, samples. Indeed, at T = 600°C, the higher packing density
of the Mg+2B mixture facilitate solid-state formation of MgB, phase. Slightly
higher values of the FWHM of the (101) MgBs peak for Al/Fe-clad MgB, wire
(FWMH(101) = 0.707°) were observed, which indicates slightly deteriorated crys-
tallinity in this sample compared to Fe-clad MgBs samples (FWMH(101) = 0.677°).

However, the XRD patterns for the two undoped samples (Fig. 4.2) demonstrate
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Figure 4.2: X-ray diffraction patterns for the Fe and Al-Fe clad pure and SiC
doped MgBy samples prepared at a temperature of 600°C for 30 or
180 min.

that a sintering temperature of 600°C is sufficient for MgB, formation and fabri-
cation of both Fe- and Al/Fe-clad MgB, wires.

Fig. 4.3(a) and (b) shows XRD patterns for Al/Fe-clad pure and doped MgBs
samples sintered at temperatures of up to 630°C for 30 or 180 min. Note, that

increasing the sintering temperature or duration results in more complete MgB,
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Table 4.1: Structural parameters of samples studied. Aa defines changes in the
a lattice parameter as a result of C substitution into B sites in the
MgB, crystal lattice in SiC-doped MgBssamples.

Sample, sintering c, a, Aa, FWHM Mg,Si T,
profile (°C x min) A A A (101), deg. wt.% K
Fe/MgB,, 600x30 3.523  3.077 - 0.6984 -
Al/Fe/MgBs, 600x30 3.520 3.076 - 0.7073 -
Al/Fe/MgBs, 600x 180 3.526  3.078 - 0.6771 - 35.7
Al/Fe/MgBs, 620x30 3.518  3.077 - 0.6845 - 35.4
Al/Fe/MgBs, 620x90 3.520 3.081 - 0.5416 - 36.0
Al/Fe/MgBs, 630x30 3.524  3.084 - 0.6695 - 36.7
Al/Fe/SiC-MgB,, 600x180 3.520 3.072 0.006 0.948 45 32.9
Al/Fe/SiC-MgB,, 62030  3.520 3.072 0.005 0.8945 39 32.7
Al/Fe/SiC-MgB,, 620x90  3.523 3.073 0.008 0.8125 49 32.8
Al/Fe/SiC-MgB,, 63030  3.529 3.074 0.010 0.7862 42 33.2

formation, as is evident from the vanishing of the Mg peak in samples processed
at 620°C for 90 min or 630°C for 30 min. Crystal lattice parameters a and ¢ were
calculated from the positions of the (110) and (002) peaks, respectively (Table 4.1).
As can be seen, increasing the sintering temperature or sintering time results in
increases on the crystal lattice parameters to match the standard value of a =
3.086 A and ¢ = 3.524 A [25]. This occurs due to improved crystallinity (indicated
by smaller FWHM values of the (101) peak, Table 4.1) in MgBs compound.

It should be noted that for the SiC-doped MgB, sample, the a lattice pa-
rameter is reduced due to C substitution into B sites in the MgB, crystal lattice
(Table 4.1) [103]. This also degrades the MgBs crystallinity in SiC-doped samples,
as demonstrated by increased FWHM values in these samples. In addition, the
large amount of Mg,Si phase (estimated from the height of the strongest Mg,Si
peak in the XRD patterns) was obtained in SiC-doped MgB, samples, as shown in
Table 4.1. Note that the amount of Mg,Si phase increases with increasing sintering

temperature or duration (over the studied temperature range).
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Figure 4.3: X-ray diffraction patterns for the Al/Fe-clad pure (a) or SiC-doped

(b) MgB, samples prepared at different sintering temperatures and
durations.
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4.4 Superconducting properties

Fig. 4.4 shows the transition temperature, 7., for the doped and undoped samples

as determined by ac susceptibility measurements.
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Figure 4.4: Critical temperature for Fe- and Al/Fe-clad pure and SiC doped
MgB; samples fabricated at 600°C for 30 or 180 min.

The T, obtained for the Fe-clad MgB, and Al/Fe-clad MgB, samples annealed

at 600°C for 30 min is 35.7 K and 35.4 K, respectively. As has been mentioned

above, the Al/Fe-clad MgB, sample has lower crystallinity, and, therefore, more

disorder in the crystal structure [60; 261], which resulted in 7, reduction in this

sample.

In contrast, the 7, dropped to 32.5 K for the Fe- and Al/Fe-clad SiC doped

MgB, annealed at 600°C for 180 min. The reduction of T, is attributed to the

partial substitution of C for B during in-situ MgB, formation [103].
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The T, values of samples sintered at higher temperatures are presented in the
Table 4.1. Generally, higher sintering temperatures result in higher 7, values for

both pure and doped MgB; samples due to improved crystallinity in these samples.
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Figure 4.5: A comparison of J.(B,) for the Fe- and Al/Fe-clad pure and SiC
doped MgBs; samples.

Fig. 4.5 shows the J.(B,) curves at 5 and 20 K for the Fe- and Al/Fe-clad
pure and SiC-doped MgB, sintered at 600°C for 30 or 180 min. These results
are consistent with those reported previously on both SiC doped MgB, and pure
MgBs wires [262]. The J.(B,) curves of the SiC doped samples show a crossover
with the undoped samples at about 2 T and 20 K, confirming that the decrease in
J.(0T) is better compensated by increased pinning above 2 T in SiC doped MgB,
samples. It should be noted that the J.(B,) curves for both the Fe- and Al/Fe-clad
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wires show the same trend, although the former is slightly higher than the latter.
This is because the Al is relatively softer than Fe, and thus, the compaction of
the wire core for Al/Fe sheath is not as high as for Fe sheath. This resulted in

relatively lower density of the final core and thus, slightly lower J.(B,) for Al/Fe

sheathed wire.
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Figure 4.6: Critical current density for Al/Fe-clad pure MgBy samples prepared
at different sintering temperatures. The inset compares the Fe and
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Figure 4.7: Critical current density for Al/Fe-clad SiC-doped MgBs; samples
prepared at different sintering temperatures. 'The inset compares
selected samples with same sintering temperature and time.

Figs. 4.6 and 4.7 show the effect of sintering temperature and time on the
J.(B,) for the samples studied. Although a nearly pure MgB, phase is formed
by annealing at 600°C for 180 min (Fig. 4.3), the highest J.(B,) among pure

the MgB, samples is achieved by annealing at 630°C for 30 min. This is due to



4.5. SEM investigation of Al/Fe/MgB, wires 60

the observed increase in the critical temperature and improved grain connectivity
(or effective, electrically connected area of superconductor, A.sr, Chapter 2) in
samples fabricated at higher temperature. Note that in the higher field region
(B, >4 T), J.(B,) performance is higher for the sample sintered at lower tem-
perature (620°C). This is due to improved pinning on a large amount of grain
boundaries, as well as the poor crystallinity which is generally observed in these
samples.

In SiC-doped MgB, samples, there is a clear correlation between J.(B,) perfor-
mance (Fig. 4.7) and the amount of MgsSi phase (Table 4.1). That is, the higher
the level of Mg, Si phase, the higher the J.(B,) performance is. The highest J.(B,)
performances were observed in samples prepared at 630°C for 30 min and 620°C
for 90 min, which have 42 wt.% and 49 wt.% Mg,Si, respectively. In addition, in-
creasing the sintering temperature or time results in substitution of a higher level
of C for B in the MgB, crystal lattice, which is evident from the large change in
the a-lattice parameter (Aa, Table 4.1). The C substitution and Mg,Si impurities
generate a denser network of defects in SiC doped MgB, sample compared to pure
MgB, samples. These enhance pinning, the upper critical field and thus, in-field
critical current density of SiC-doped MgB, samples (Chapter 7).

Therefore, the results of this study indicate that sintering of MgB, samples
at low temperatures (600-630°C) is sufficient for fabrication of MgBs wires with

adequate superconducting properties.

4.5 SEM investigation of Al/Fe/MgB, wires

One of the major concerns relating to the use of aluminium as a stabilizer is
whether the Al is compatible with the Fe barrier. Fig. 4.8 shows SEM micrographs

for the Al/Fe-clad MgB, wires annealed under different conditions.
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Figure 4.8: SEM micrographs of the interfaces between the Fe and Al sheath for
the single core MgB, /Fe/Al wire annealed at (a) 600°C for 180 min,
(b) 620°C for 30 min, (c) 620°C for 90 min, (d) 640°C for 30 min
and ((e)-(f)) 650°C for 30 min.

It is evident that aluminium and iron remain chemically compatible at an
annealing temperature of 600°C for 180 min and 620°C for 30 min (Fig. 4.8(a, b)).
The Al/Fe interface remains clean and sharp with no evidence of reaction between
Fe and Al under these processing conditions.

The alloy phase of AlsFe, as defined by EDS study, starts to form as a thin
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layer (about 5 ym) at an annealing temperature of 620°C for 90 min, but remains
small up to an annealing temperature of 640°C for 30 min. The AlsFe phase grows
rapidly at an annealing temperature of 650°C for 30 min, resulting in a 100 pm
thick interface layer.

At higher sintering temperature (650°C) there is a crack between Al and Fe,
which is likely to be the result of the different thermal expansion coefficients for Al
and Fe. Thus, cracks may form during cooling of samples to room temperature.

The thermal conductivity of Fe-Al alloy is lower (0.27 W/cmK) than the ther-
mal conductivity of Fe (0.8 W/cm K) and Al (2.37 W/cm K) [265] and thus, is
not desirable for stabilization issues. However, the thin alloy layer may improve
the contact between the Al and Fe materials. The formation of Al alloy may set
the upper limit of the annealing temperature for processing Al/Fe-sheathed MgBs
wires, as the Al diffusion into the Fe layer may reach the MgB, core and cause a
reaction between Al and MgBs;. However, the results observed demonstrate that
there is a reasonable annealing-temperature range from 600 to 630°C, where the

formation of AlzFe alloy would not cause a detrimental effect.

4.6 Summary

In summary, it has been demonstrated that Al/Fe-clad pure and SiC-doped MgB,
superconductors can be formed by the PIT method and sintering of the corre-
sponding wires at a temperature of 600-630°C. The formation of MgBs phase is
completed for 30 or 180 min in pure or SiC-doped MgB, wires, respectively. Pro-
cessing of soft Al metal slightly deteriorates the density of MgB, core resulting in
poor crystallinity and thus degraded T, values of final Al-stabilized Fe-clad MgB,
wires. However, higher temperature or longer duration of heat-treatment proce-

dure leads to higher critical temperature of final MgBs compound. The critical
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current density and flux pinning behavior of Al/Fe-clad MgBy wires are found
to be comparable with those of Fe-sheathed MgBy wires. The Al and Fe sheath
materials are compatible at temperature of 600°C, while some reaction with for-
mation of AlzFe alloy starts at temperatures above 620°C for longer sintering time
(90 min). This interfacial layer is not uniform and has undesirable low thermal
conductivity coefficient, but could assure good mechanical contact between Al and
Fe-barrier of the final Al/Fe-clad MgB, wire.

The feasibility of fabrication of Al-stabilized MgBs wires has been demon-
strated in this Chapter. This is paving the way for possible use of the lighter and
cheaper Al/MgBs, superconductors in airborne, aerospace, and other applications
where weight is important. High-purity Al stabilizer may require extra strengthen-
ing for some applications, but in this case it will be possible to add an outer sheath
of an Al alloy, such as AA5083 or AA6082, either in the pure-or internally-oxidized

state.



Chapter 5

New method for the fabrication
of Al-Stabilized MgB,/Fe

superconductor

5.1 Introduction

As explained in previous Chapter, the replacement of Cu by Al in cryogenic and
superconducting applications is accompanied by several important advantages: (i)
relatively low structural mass, (ii) greater thermal conductivity to the cryogen bath
or cryocooler; (iii) more efficient stabilization. The feasibility for fabrication of Al-
stabilized MgB, wire with Fe as a barrier using the solid-state diffusion approach
has also been demonstrated. Although this method is shown to be practical, this
has undesirable limitations. These are reduced superconducting MgBs; core density
and possible degradation of mechanical (and electrical) contact between Fe and
Al layers, which is not desirable for long length wire fabrication. In addition, this
method is restricted by relatively low (< 630°C) sintering temperatures, while

higher sintering temperatures would increase critical temperature of the final Al-
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stabilized MgB, conductors.

To overcome these problems and enhance superconducting properties of Al-
stabilized MgBs wires, we have employed the hot aluminizing technique [275].
The present technique allows us to apply Al stabilizer to a completely fabricated
and optimized Fe/MgB, composite. In this case, Fe plays the role of a barrier
preventing diffusion of Al into MgB,. In addition, the high toughness of Fe enables
us to produce a reasonably high-density MgB, superconducting core. Furthermore,
the hot aluminizing technique can be modified to achieve the simultaneous process
of fabrication of Al stabilized wires/coils and in-situ MgBsy formation because
the processing temperature of in-situ MgBs formation (650°C) is similar to the
melting temperature of Al (660°C) [229]. This process is very attractive for the
construction of MgBs superconducting magnets. In this Chapter, we report the
first results on simultaneous combined fabrication of in-situ Fe/MgB, wire and

coating of this Fe/MgBs wire with an Al-layer for stabilization purposes.

5.2 Experimental procedure

Fe-sheathed MgB, wire was fabricated using the in-situ process and the standard
PIT method. An Fe tube with an outer diameter (OD) of 10 mm and a wall thick-
ness of 1 mm was filled with a mixture of pure Mg (99%) and amorphous B (99%)
with the stoichiometry of MgBs. The composite was drawn to an OD of 1.4 mm.
Several short samples were sintered in a tube furnace at 750°C for 30 min in flow-
ing high purity argon to prevent oxidation. The resultant Fe/MgBy with no Al
is referred to below as the reference sample. After completing the heat treatment
process, the surface of the reacted Fe/MgBs wires was plated with Al using the
hot aluminizing technique. Short samples of reacted Fe/MgBs wire were immersed

for 3 min in a molten Al bath kept at a temperature of 750°C under flowing high



5.3. Results and discussion 66

purity argon. After coating, the sample had an OD of 1.32 £+ 0.05 mm. These
samples are denoted as the “reacted” Al/Fe/MgBs in the text. To investigate the
possibility of a simultaneous process for Al plating and in-situ MgBs formation,
short samples of unreacted Fe/MgBs wire were immersed for 5 to 30 min in a
molten Al bath kept at a temperature of 670 or 770°C under flowing high purity
argon. These samples are denoted as “green” Al/Fe/MgB, in the text.

The phase investigation was performed with the help of an x-ray diffractome-
ter with CuKa radiation. The magnetization loops for the Fe and Al/Fe sheathed
MgB, wires were measured at 10 and 20 K using a Physical Properties Measure-
ment System (PPMS, Quantum Design) with a magnetic field applied perpen-
dicular to the wire long axis. The magnetic J. was derived using Eq.(3.3). The
transport J. was measured with the four-probe method using a pulsed current
source. This technique is described in detail in Ref. [276]. The voltage contacts

were attached directly onto the Al surface with Sn-9%Zn solder.

5.3 Results and discussion

Fig. 5.1 shows XRD patterns for the core of the “green” Al/Fe/MgB,; samples
after immersing unreacted Fe/MgB, wire in an Al bath kept at a temperature of
670°C for 5, 15 and 30 min and at a temperature of 770°C for 5 and 10 min. As
can be seen, at lower temperature (670°C) the reaction between Mg and B could
be achieved after 30 min. Only a small peak of unreacted magnesium could be
found. For the higher temperature Al bath (770°C), the in-situ reaction of MgBs
formation was fully completed in 10 min. A small peak of MgO could be found
in all the samples studied. It should be noted that there is no evidence of any
reaction between Al and MgB, after the aluminizing routine, indicating the good

properties of Fe as a barrier.
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Figure 5.1: X-ray diffraction patterns for the “green” MgBs/Fe wire samples
immersed in an Al bath at 670°C for 5, 15, and 30 min and at 770°C
for 5 and 10 min.

SEM investigation of the Al/Fe/MgB, wire cross-section showed that there
was a continuous coating of the Fe sheathed MgBs; wire with an ~ 10 pm thin
Al layer (Figs. 5.2 and 5.3). A diffusion layer of AlzFe alloy had a thickness
of about 9 um at the Al/Fe interface. This diffusion alloy layer indicates good
connectivity between the two materials (Fe and Al). It is worth noting that as
a result of the hot aluminizing procedure, the thickness of the Fe barrier was
slightly reduced compared to the Fe/MgB, sample due to the reaction between Fe
and Al. Increasing the Al bath temperature or time of exposure in hot Al resulted
in a further reduction of the Fe barrier thickness (Fig. 5.3). This is beneficial
for wire stabilization. As was discussed above, Fe has undesirably low thermal
conductivity. On the other hand, the Fe barrier should prevent the diffusion of Al
into the MgB, core, which may cause severe damage to the superconductor. The
formation of the diffusion AlsFe alloy may set limits to the desirable Fe barrier

thickness and sintering parameters for the hot aluminizing process.
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Figure 5.3: SEM images of the “green” Fe/MgBs wire sample immersed for
10 min in an Al bath kept at 770°C.

Fig. 5.4 shows the magnetic J, values for the reference Fe/MgBy, as well as
for the “reacted” and “green” Al/Fe/MgB, wires with the magnetic field applied
perpendicular to the wire long axis. For the MgB, with only the Fe sheath and
the “reacted” Al/Fe/MgB, wire samples, magnetic J. values are similar over the
entire range of temperatures and fields measured, although they are slightly higher
for the former than the latter. It is worth noting that the Fe-sheathed MgB, wire
exhibited more strongly pronounced flux-jump behavior in the low field region
(0—2 T) compared to the Al-stabilized MgB, wire at 10 K. On the other hand, the
similar magnetic J. (B, ) performance indicates that the hot aluminizing process did

not affect the properties of the MgBy superconducting core. This is a significant
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Figure 5.4: Magnetic J.(B,) curves at 10 K and 20 K for the reference Fe/MgBs,
and for the ‘“reacted” and “green” Al/Fe/MgBs wires. The “green”

Al/Fe/MgB;y wire was reacted in an molten Al bath kept at 670°C
for 30 min.

advantage of the aluminizing process, which turns out to be a non-destructive
approach to thermomagnetic stabilization.

As can be seen from Fig. 5.4, Al-coating of the Fe-sheathed MgBy wires re-
sults in better thermomagnetic stabilization at 10 K. Further improvement of
stabilization at temperatures below 10 K can be achieved by increasing the Al to
superconductor ratio, decreasing the thickness of the Fe barrier, and reducing the
Fe/MgB, wire diameter.

It should be noted that the “green” Al/Fe/MgB, wire showed a similar trend in

the magnetic J, (B, ) curve to the reference Fe/MgBs and the “reacted” Al/Fe/MgBs
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wire, although the J.(B,) values are slightly lower (Fig. 5.4). J. values of 3.6x10®
and 2.3x10% A/m? were reached at 20 K and 3 T for the “reacted” and “green”
Al/Fe/MgBy wires, respectively. These results are in agreement with those for
Fe/MgB, wires reported by other groups [204; 207].

The transport J.(B,) values of the reference Fe/MgB,, and the “reacted” and
“green” Al/Fe/MgB, wires are presented in Fig. 5.5. The J.(B,) curves nearly
coincide for Fe-sheathed MgBs and “reacted” Al/Fe-sheathed MgB, wires at B,
> 4 T at 10 K, as well as at B, > 3.3 T at 20 K. The transport J. values of
“reacted” Al/Fe/MgB, wire are in agreement with previous results on Fe/MgB,
[268; 269; 277], included for comparison in Fig. 5.5. As can be seen, at 20 K and
3 T the J, values reached 3.7x10%, 3.6x108, and 2.2x10® A /m? for sole Fe/MgBs,
and the “reacted” and for “green” Al/Fe/MgB, wires, respectively.

It is expected that the application of the hot aluminizing technique can be
further improved by optimization of the melt-processing temperature and dip-
ping time, Fe sheath thickness, and other parameters. Moreover, the aluminizing
technique, which is demonstrated in this work for Fe/MgB, wires, can be further
extended to fabrication of Al-stabilized Fe/MgBs coils. We expect that a coil
with a wound Fe-sheathed MgB, “green” wire, can be heated up to the MgB,
reaction temperature. While the reaction is complete or in process, the spool can
be immersed in a molten Al bath and cooled down. It is obvious that this dual
process of in-situ MgBs formation and coating of the Fe/MgBy wire/coil by Al
will simplify the coil fabrication and markedly improve the cost feasibility of the
MgB, conductor applications. In addition, Al/Fe/MgB, conductors mainly made
up of low-density components will be advantageous for airborne, aerospace, and

other applications where weight is an important issue.
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Figure 5.5: Transport J.(B,) of sole Fe/MgBs,, and the “reacted” and ‘“green”
Al/Fe-MgB, wires. The “green” Al/Fe/MgBy wire was reacted in
an molten Al bath kept at 670°C for 30 min.

5.4 Summary

In summary, we have demonstrated a new approach for simultaneous (i) fabri-
cation of in-situ Fe/MgBy wires and (ii) coating with the Al stabilizer. The
transport critical current density of thus-fabricated Al/Fe/MgBs wire achieved
the level of 2.2x10% A/m? at 20 K and 3.5 T, which is only slightly lower than
J, = 3.7x10% A/m? of the reference Fe/MgB, sample. The magnetic measure-
ments show that the Al layer stabilizes the Fe/MgB, wires in the lower field region
over the measured temperature range. This method can be easily extended to the

production of coils, resulting in reduction of the fabrication time and cost of MgB,
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conductor products due to eliminating one processing stage. The light weight of
most elements in the Al/Fe/MgB, system pave the way for possible use of this

superconductor in various applications where weight is a crucial parameter.



Chapter 6

Effect of Fe-based doping on
superconducting properties of

MgB»> conductors

6.1 Introduction

Recently, there has been considerable interest in improvement of flux pinning
in MgB, by the use of magnetic nanoparticle additions. This was motivated
by theoretical predictions of current carrying ability enhancement in ferromag-
net/superconductor hybrids [278; 279]. These investigations were performed on
thin film samples, however, this attracted the attention of researchers working on
powdered MgBs.

Several attempts were undertaken in order to fabricate this type of hybrid with
enhanced functionalities for magnesium diboride superconductor. Some publica-
tions report enhancement of in-field J.(B,) and B, upon doping MgB, with mag-
netic nanoparticles: FeoO3 [163], HooO3 [280], Fe3O4 [281], Co30,4 [282]. However,

there are some observations of detrimental influence of magnetic Fe nanoparticles
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on J.(B,) in MgBs, [262; 283].

In this Chapter, we aim to clarify the effect of Fe and Fe-based doping on the
electromagnetic performance of MgBs wires. For this purpose, Fe-based nanopar-
ticles (FesB and SiOs coated FesB) were synthesized (in University of Zagreb)
and structurally analyzed in a frame of collaborating work between our group and
group from University of Zagreb [284]. In this thesis, structural and magnetic
properties of home synthesized Fe;B and SiOg coated FesB particles are used for
comparison with properties of pure nano-Fe particles. Furthermore, a comparative
study of the effects caused by nano Fe and Fe-based materials on MgBs; samples
was conducted. The idea behind this type of material (Fe;B and FeyB/SiOs) is
to reduce the effect of doping on the stoichiometric Mg/B ratio, which occurs for
pure Fe doping to MgBs due to FoB impurity formation [262; 283]. The SiOs
coated Fe,B particles were expected to eliminate the problems with clustering of
magnetic particles, thus enabling fabrication of more homogeneous Fe-clad MgB,
wires. An SiO, layer may also work as an insulator between ferromagnetic and
superconducting phases. On the other hand, these particles could introduce multi-
ple/diverse pinning centers resulting in increased flux pinning and critical current
density. Furthermore, particles larger than the usual particle size (80 nm vs. usual
25 nm) were selected in order to investigate recent suggestions that magnetic pin-
ning force increases with increasing particle size [163]. All these issues will be

explored in this Chapter.

6.2 Samples and experimental techniques

Nanoparticles of iron boride (FesB) and SiO coated FeyB (called FeoB/SiO, later
in the text) were synthesized, using reduction of metal ions by sodium borohydride

as described in Ref. [284].
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Pure and doped Fe-sheathed MgB, wires were prepared by the in-situ powder-
in tube-method. For preparation of doped wires, as synthesized Fe;B and FeaB/SiOs
particles were added at the levels of 3 and 7.5 wt% to the Mg + 2B mixture. Mixed
powders were packed into Fe-tubes with 10 and 6.5 mm outer and inner diame-
ter, respectively. The tubes were drawn to wires 1.41 mm in diameter. Finally,
the reaction heat treatment was performed at 750°C for 60 min in pure argon
atmosphere.

Pure and Fe doped MgBs samples were also prepared in-situ in the form of
bulks. Nano-Fe powder with a particle size of 25 nm was added to Mg + 2B
mixture at the levels of 1 and 5 wt%. Pellets were sealed in Fe tubes and annealed
at temperature of 800°C for 60 min in pure argon atmosphere to avoid oxidation.

As-synthesized Fe;B and Fe;B/SiO, dopants, as well as nano-Fe particles, and
pure and Fe-based doped MgB, samples were examined by X-ray powder diffrac-
tion. The nanostructures of the synthesized FesB and Fe,B/SiOy particles were
studied using Scanning Electron Microscopy (SEM).

Magnetization measurements of dopant particles were performed in a PPMS
(Quantum Design) magnetometer at magnetic fields that varied from -5 T to
+5 T. The Fe, FeoB and FeyB/SiOs powder samples for magnetic measurements
were dispersed and fixed in paraffin in a measuring ampoule to avoid rotation of
particles in changing magnetic fields. The magnetization of pure and Fe-based
doped MgB, samples was measured at temperatures of 5 and 20 K in magnetic
fields up to 9 T. Magnetic critical current density values were determined from
Egs. (3.1) and (3.3) for bulk and wire samples, respectively. The irreversibility
field, B;,,., was defined as a field at which critical current density reaches the value

of 106 A/m?.
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6.3 Characterization of Fe, Fe;B, and Fe;B/SiO,
doping materials

In order to clarify the effects of Fe-based dopants on performance of MgBs super-
conductor, we first performed systematic structural and magnetic characterization

of the synthesized Fe;B and FeyB/Si0,, as well as the pure Fe nano-particles.

6.3.1 Structural analysis

The XRD pattern for Fe particles in Fig. 6.1 shows two peaks at 20 of 44.7° and
65°, corresponding to elemental Fe and indicating that Fe powder is crystalline.
There are several broad peaks related to (amorphous) Fe3O, impurities in the
starting nano-Fe powder. These are due to the fact that the surface of the nano-

sized Fe is highly reactive and becomes easily oxidized when exposed to the air

[262].
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Figure 6.1: X-ray diffraction pattern for nano-Fe powder (as received from the
supplier).

The XRD pattern [284] for synthesized FeoB material in Fig. 6.2 consists of
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Figure 6.2: X-ray diffraction patterns for dopant materials: (a) home-made Fe;B
(green), Fea B/SiOq (red) particles [284)].

three phases: Fe (at 26 of 44.7° and 65°), FeB (at 260 of 34.8° and 40°) and Fe,B
(at 20 of 24.7° and 45.1°) particles. The intensity of the peaks is correlated with
the amount of phase presented in the material, with (crystalline) Fe;B phase being
dominant. The broad width of the Fe diffraction line suggests that the size of Fe
particles is small (< 10 nm).

In the XRD pattern of FeoB/SiO4 material in Fig. 6.2 [284], there are two broad
maxima corresponding to FeyB (at 20 of about 45.1°) and SiOy (at 26 of about
28°) phases. The broadness of these peaks indicates the amorphous state of the
corresponding phases. Several sharp peaks were also detected, and they indicate

the presence of crystalline SiOy phase in the FeoB/SiO, dopant.

6.3.2 SEM investigation of dopants

Typical SEM images of the synthesized FesB and SiO, coated Fe,B particles are
presented in Fig. 6.3(a) and 6.3(b) [284], respectively.

As can be seen, FesB particles tend to group in chain-like structures. This is
In contrast, the coated par-

due to the magnetic interaction of these particles.

ticles (FeaB/SiO9) are grouped in stacks, indicating weak non-directional surface
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Figure 6.3: SEM images of synthesized Fe;B (a) and SiOy coated Fe;B (b)
particles [284].
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Interactions.

Several SEM images were used to determine the size distribution of the Fe,B

and FeyB/SiO, particles seen in the pictures. The size distributions of both types

of particles were quite broad, with a mean particle diameter of 84 nm for Fe,B

(Fig. 6.4(a)) and 177 nm for Fe;B/SiO, particles (Fig. 6.4(b)) [284].
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Figure 6.4: Size distributions of Fe;B (a) and SiO,

[284].

6.3.3 Magnetic moment of doping materials

Magnetic hysteresis loops at magnetic fields up to 5 T collected for the investi-

gated Fe-based dopants are presented in Fig. 6.5. The hysteresis loops for Fe;B and

FeyB/SiO, materials [284] have curved shapes, pointing to a blocked superparam-

agnetic ensemble of particles, similar to ones observed in the literature [285; 286].

The saturation magnetization, M, at 5 K is about 210, 103, and 26 Am? /kg

for the investigated nano-Fe, Fe;B, and Fey,B/SiOy particles, respectively. For

nanocrystalline Fe,B particles, an M, value of 80 Am?/kg is reported in the litera-
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Figure 6.5: Magnetic hysteresis loops for Fe, as well as Fes B and Fes B/SiO, [284]
dopants studied measured at temperature of 5 K.

ture [287]. Tt is proposed that the higher M, value of synthesized Fe;B particles is
due to the presence of Fe phase, as was detected in the XRD patterns. Nanocrys-
talline Fe has a saturation magnetization of about 210 Am?/kg (Fig. 6.5 and Ref.
[288]). If we assume that Fe and Fe;B are the only significant magnetic compo-
nents and that the mass of any others is negligible, we can estimate that the mass
content of Fe and FeyB is 17 % and 83 % [284], respectively.

For Fe,B/Si0, particles, the saturation magnetization is reduced to 26 Am? /kg,
due to presence of the SiO5 shell around the magnetic Fe;B core. From the ratio
of My at 5 T (Fig. 6.5) for FeoB and Fe,B/SiOq particles, we estimate the mass
ratio between SiO, and FeyB to be about 3. Combining this value with the mass
densities of SiOy and FeyB we estimate that the thickness of the SiOs coating is

the same as the radius of the FesB core. This is in agreement with SEM results
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suggesting that the mean radius of Fe;B/SiO4 particles is about twice that of Fe,B
[284].

6.4 Structural and superconducting properties
of Fe-based doped MgB; compounds

Nano-Fe and as-synthesized nano-Fe;B and Fey,B/SiOs particles were added to
MgBsy compound. The effect of magnetic doping on the properties of MgB, super-

conductor will be described in this section.

6.4.1 Structural analysis

Results of X-ray diffraction analysis performed on pure and doped MgBs samples
are presented in Figs. 6.6-6.7. As can be noted, MgB, is the main phase observed
in all samples. All samples also contain a minor amount of MgO impurity, which

is common in in-situ fabricated MgBy compound.

X x MgB,

Intensity (arb.units)

20/°

Figure 6.6: X-ray diffraction patterns for 0 % (blue), 1 % (red) and 5 % (green)
Fe-doped MgB;y samples.

Addition of 1 wt.% of Fe into MgBs does not result in the formation of (de-
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Figure 6.7: X-ray diffraction patterns for 0 % (blue), 3 % (red) and 7.5 % (green)
of FeyB-doped (a) and FeyB/SiOs-doped (b) MgBy samples [290).

tectable) new phases in the sample (Fig. 6.6). It is well known from the literature
[289] that Fe can substitute for Mg up to 1.2 %. However, it is not possible to
detect any noticeable shift of the a or c-lattice parameters in the XRD patterns
to confirm this. By increasing the Fe doping level up to 5 wt.%, it became evident
that Fe was reacting with B to form FeB phase. This causes the deficiency of B
and leaves some unreacted Mg (Fig. 6.6).

Samples doped with nano FeyB particles (Fig. 6.7(a)) show the presence of Fe;B
and FeB phases [290], the amounts of which increase with increasing (from 3 to
7.5 wt.%) FeyB doping level. Note, similar phases were detected in as-synthesized
Fe,B particles (Fig. 6.2).

MgB, samples doped with Fe;B/SiO, (Fig 6.7(b)) [290] do not show the pres-
ence of FeyB/SiOy particles, as they were in the amorphous state (Fig. 6.2). In
the sample doped with 7.5 wt.% FeyB/SiO4 some minor amount of FeB phase was
observed. In addition, increasing the Fe;B/SiOs doping level resulted in higher
levels of MgO impurities. The appearance of FeB phase and increased MgO phase
indicate that, to some extent, the reaction between Mg, B, and SiOs and Fe,B

occurred during thermal treatment of the samples.
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6.4.2 Critical temperature

Fig. 6.8 shows the real part of the ac susceptibility of MgB, samples with addition
of 0, 1, and 5 wt.% nano Fe particles. As can be seen, T, of the pure sample is
38 K, while it drops to 36 and 34.5 K with increasing Fe-doping level from 1 to 5
wt.%.

Figs. 6.9 and 6.10 [290] present the temperature dependence of the resistance
for MgB, wires with different levels of FeoB and Fe;B/SiO, doping at zero applied
magnetic field, which were used for determination of 7, values. As can be seen,
the critical temperature is reduced as the doping level increases.

Fig. 6.11 shows the dependence of T, on doping levels of Fe, Fe,B, and FeyB/SiOq
materials. The suppression rate, d7../dz, is estimated to be 0.4 K/wt.%, 0.6 K/wt.%
and 0.5 K/wt.% for Fe, FesB, and Fe,B/SiO dopants, respectively. This suppres-
sion of T, caused by the Fe-based dopants studied is rather moderate compared
to Mn doping, which destroys superconductivity in MgB, at the doping level of
only 2 % Ref.[112]. It is established that the major source for the rapid 7, drop in
Mn-doped MgB, is the magnetic pair-breaking effect through spin-flip scattering
[112; 291; 292; 293]. On the other hand, dT./dz is higher than in the Al-doped
samples, for which the depression of T, was attributed to the band filling effect
and, therefore, reduction in the density of states. A theoretical study [293] and fol-
lowing NMR investigation [289] showed the nonmagnetic nature of Fe in the MgBs
lattice, as well as the absence of magnetic impurities which could act as a source
for spin-flip scattering and a nearly unchanged density of states. The reduction of
T, in Fe-doped MgB, samples can be explained by the specific electronic nature of
Fe, which changes the phonon frequency and/or electron-phonon coupling strength

[294], which are crucial for T, in a BCS phonon-mediated (MgBs) superconductor.
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6.4.3 Critical current density and irreversibility field. Kramer

plot.

Magnetic field dependencies of the critical current density of MgB, samples doped

with nano-Fe, Fe;B, and Fe;B/SiO4 particles are presented in Figs. 6.12 - 6.14, re-
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spectively. Critical current densities of FeoB (Fig. 6.13) and FeoB/SiO, (Fig. 6.14)
doped MgB, wires are slightly lower than those for bulk the Fe-doped MgBs

(Fig. 6.12) sample in the low field region. This is a commonly observed feature for
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samples in the form of wires due to reduced density of the superconducting core
compared to bulk samples.

As can be seen, Fe-based doping results in decreased J.(B,) performance of
MgBs superconductors over a whole range of magnetic fields and at both tem-
peratures studied. Increasing the Fe-based doping level leads to further J.(B,)
degradation. Among the samples studied, Fe doping results in more substan-
tial depression of critical current density of MgB, superconductor. In contrast,
FeoB/SiOs doping is the least detrimental to the superconducting properties in
MgBs.

As Fe-based dopants lose their magnetic nature in the MgBs environment [293;
289; 294|, we speculate that the reason for J.(B,) degradation lies in the reduced
T. values (Figs. 6.8-6.10) and the increased number of impurity phases, as observed
by XRD (Figs. 6.1-6.2) of the studied Fe-based doped MgB, samples. Indeed, the
dT /dz values observed were reduced in a sequence for Fe;B, Fe, and FesB/SiOo-
doped MgBs samples. Similarly, the amount of impurity phases was smallest in
the FeoB/Si05-doped MgB, sample (Fig. 6.10), which showed the least detrimental
effects on J.(B,) performance.

The irreversibility field values, B;,.., are plotted as a function of doping level
in Fig. 6.15. All doped samples show reduced B;.. values; samples with higher
doping levels have lower values of B;.. over the whole temperature range. The
dBj../dzx rate is highest in the Fe doped and smallest in the Fe;B/SiOy doped
samples. As B;,, is sensitive to pinning, reduction of B;,,. with increasing doping
in MgB, samples shows that pinning strength was not enhanced by the Fe-based
dopants studied, which is in contrast to the data obtained in [163; 280; 281; 282].

We used the B, values presented in Fig. 6.15 to plot J.(20 K) versus nor-
malized magnetic field B/B;,, for the samples studied Fig 6.16. We note that the

curves show a similar trend for pure and doped samples, which indicates similar
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Fig. 6.17 shows Kramer’s plots of JY/2B'* versus applied magnetic field B,.
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6.5 Conclusions

FyB and Fe;B/SiO, magnetic particles were prepared via aqueous chemical syn-
thesis. Magneto-structural characteristics of the Fe-based dopants studied showed
that the Fe and FesB dopants were in crystalline form, while the Fe;,B/Si0O, par-
ticles were amorphous. The mean size of as-synthesized Fe;B and FeyB/SiOs
particles is 84 and 177 nm, respectively. Magnetic moment was reduced for the
studied particles with the highest moment observed for nano-Fe and the smallest
for FeoB/SiO particles. In terms of MgB, wire preparation, this property can en-
hance the mixing and dispersion of magnetic particles within the superconductor.

In the MgB, with Fe-based dopants samples we did not find any detectable
level of Fe substitution on Mg or B sites. All the magnetic materials studied as
dopants caused strong suppression of the transition temperature of MgBy with
increasing content of the magnetic additions. The rate for dT'/dx suppression was
highest in the FesB-doped MgBs sample and smallest in the FeoB/SiO, doped
MgB, sample. This is correlated with reduction of magnetization in FeyB/SiOs
doping material and possibly less deterioration of the Mg/B ratio in these samples.

Degradation with increasing doping level of critical current density (J.(B,))
and irreversibility field, B;,,, values implies that magnetic doping was not achieved.
Subsequent Kramer’s plot analysis indicated that one of the reasons for the J.(B,)

degradation was inhomogeneous distribution of magnetic dopants.



Chapter 7

Electromagnetic performance of
polymer C-based doped MgB»>

superconductors

7.1 Introduction

In recent years the rapid development of MgB, superconductor has been based on
the simple fabrication and relatively high transition temperature of 39 K in this
compound (compared to low temperature superconductors). This temperature
enables the application of MgB, superconductor at temperatures of around 20 K,
facilitating the use of simple, cost-effective, and reliable cryocoolers. Additional
benefits of the MgB, compound are the simple crystal structure, the low cost of
the starting materials, and the fact that grain boundaries have a less detrimental
effect on the supercurrent flow than in high temperature superconductors [66].
MgB, superconductor is a promising candidate for large-scale applications, such as
magnetic resonance imaging systems, fault current limiters, and high field magnets

[16; 193]. However, the in-field critical current density, J.(B,), is still below the
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practical level. This has stimulated the research community to find the way to
improve both the upper critical field value, B.o, which sets the limit to existence
of superconductivity, and the J.(B,) performance for the desired 20 K application
of MgBy superconductors.

Enormous efforts have been made to improve the superconducting properties
of MgBs via chemical doping. It was experimentally established that a significant
enhancement of MgB, superconducting properties at high fields can be achieved
with carbon-based doping. Among nano-C based dopants, nano-SiC results in the
most effective enhancement of electromagnetic properties of MgB, superconductor
[118; 103; 298].

Recently, a new “liquid mixing” approach for C-doping has been developed in
our group. This significantly simplifies fabrication of MgB, superconductor with
carbon doping and enhances the effectiveness of doping. In this new technique
[146], the doping material (glucose, C¢H1204) is dissolved in water and mixed
with the boron powder. This technique results in coating of each individual boron
particle by a nanolayer of highly reactive amorphous carbon [149]. This config-
uration facilitates incorporation of C into B sites in the MgB, lattice during the
sintering and results in enhancement of the electromagnetic characteristics in the
final MgB,_,C, superconductor [146; 149; 148]. TImportantly, the “liquid mix-
ing” approach would assure homogeneous distribution of the dopant in MgB,_,C,
superconductor in the form of wire.

It was shown that “liquid mixing” technique is applicable to a wide range of
carbohydrates [148] and C-based organic materials [126; 150; 152; 299; 300; 301;
305]. The majority of these polymer C-based dopants were studied in MgB,_,C,
bulk samples. However, for practical application, demonstration of the properties
of MgB, doped wires is required. Among the wide range of studied polymers,

polycarbosilane (CyHgSi) and sugar (CioHg2Oqq) are particularly promising for
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practical application. This is because polycarbosilane is oxygen free and is a
polymer analog to nano-SiC compound [150], known as the best dopant among the
nano-C based dopants, while table sugar (or sucrose) is a readily available source
of carbon. Moreover, the bulk MgB, samples with these dopants demonstrated
the highest improvement of (i) critical current density at high magnetic fields
(J. (5K,8T) =3 x 10 A/m? for polycarbosilane-doped MgB, [302]), and (ii)
very high upper critical field for the sample with sugar doping (36 T at 5 K)
[147], compared to their nano-C based analogs. It was also suggested that further
increase in the sintering temperature (> 870°C) for sugar-doped samples may
result in more significant B., enhancement.

Thus, in this Chapter, the work reported on doping the MgB, pellets by su-
crose (C12H20011) and polycarbosilane (CoHgSi) [147; 305] is extended to doping
of MgB, wires with the same compounds. This is important because MgB, is
expected to be used in practical applications mostly in the form of wires and the
reaction process and vortex pinning could be different than for MgB, prepared in
pellet form. The effects of sintering temperature on the microstructure and super-

conducting properties of MgB, samples have been systematically investigated.

7.2 Experimental

Pure and doped Fe-clad MgB, wires were fabricated by in-situ processing using
the standard PIT technique. Powders of Mg (99% purity, particle size of 1-11 pm)
and amorphous B (99% purity) were used as host materials. The sucrose (CHO)
and polycarbosilane (CHSi)-doped samples were prepared by the “liquid mixing”
approach. The level of added dopants was 10 wt.%. The CHO and CHSi com-
pounds were dissolved in deionized water and toluene (C;Hg), respectively. An

appropriate amount of B powder was added to the dopant in the solvent and
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well mixed with a mortar and pestle by hand. After the liquid mixing stage, the
wet slurry of boron, dopant, and solvent was dried in a vacuum chamber at 200°C
overnight to remove the remaining solvent and moisture. After drying, the powder
was ground, mixed with Mg powder, and ground again.

Mixed powders were packed into Fe tubes and then drawn to a diameter of
1.42 mm. Several short samples from each wire were sintered at temperatures of
600, 650, 700, 870, or 950°C for 30 min followed by cooling to room temperature
in the furnace. A high purity argon gas flow was maintained throughout the
sintering process to avoid oxidation. The samples prepared at 600 and/or 650,
700, 870, or 950°C were designated as MB-650, MB-700 or MB-950 for reference
samples, CHSi-600, CHSi-650, CHSi-700 or CHSi-950 for polycarbosilane doped
MgBs samples, and CHO-650, CHO-870 or CHO-950 for sucrose doped MgB,
samples, respectively.

Phase investigation was performed using an X-ray diffractometer with Cu Ko
radiation. The fraction of phases and lattice parameters were estimated via Ri-
etveld refinement of the XRD patterns. The microstructure of samples was inves-
tigated by Scanning Electron Microscopy (SEM). The magnetization of the super-
conducting cores extracted from the wires was measured at 20 K using a Physical
Properties Measurement System (PPMS, Quantum Design) with a magnetic field
applied perpendicular to the wire long axis. The magnetic J. was derived using
Eq. (3.3). Resistivity vs temperature curves were collected using the 4-points
technique at applied magnetic fields up to 16 T. Transport current was measured
by the pulsed method with rectangular pulse duration of 1 ms and a maximum

current of 370 A.
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7.3 Phase and crystal structure

XRD patterns for samples fabricated at temperatures of 650 and 950°C are pre-
sented in Fig. 7.1(a) and (b), respectively. Data obtained by Rietveld refinement
(crystal lattice parameters and phase fraction), as well as some superconducting
characteristics for the samples studied are summarized in Table 7.1.

As can be seen, all samples investigated have MgBy as the main phase and
some amount of MgO. It should be noted that pure and CHSi-doped MgB, sam-
ples have the same amount of MgO phase, while in CHO doped samples higher
levels of MgO are detected (Table 7.1). This is due to the fact that sucrose orig-
inally has high amount of oxygen (C12H,041). This sample was processed with
deionized water, which also could increase the level of oxygen in the system. In
the CHSi-doped samples, a high level (17.21 wt.%) of Mg,Si phase was observed
for the sample sintered at low (650°C) temperature, but it dropped to nearly zero
(0.15 wt.%) in the sample treated at high (950°C) temperature (Fig. 7.1 and Ta-
ble 7.1). This trend for Mg,Si formation is similar to what is seen in the literature

for samples with nano-SiC doping [134; 251; 304]. In CHSi-doped samples, free

Table 7.1: Some parameters of samples studied. /a defines changes in the a
lattice parameter as a result of C incorporated into the MgB, lattice
on B sites; x - actual level of C in Mg(B;_,C,)s estimated from Aa
values [303].

Sample a, Na, 1z, non-s/c FWHM of T, B,
A A% phase, % (101) peak, deg. K (5 K), T
MB-650 3.081 - - 8.55 (MgO) 0.5 36.8 21
CHO-650 3.071 0.010 2.3 16.36 (MgO) 0.626 35.0 34
CHSi-650 3.076 0.005 1.2 7.70 (MgO) 0.542 34.5 32
17.21 (Mg,Si)
MB-950  3.087 - - 7.34(MgO) 0.364 38.3 17
CHO-950 3.072 0.014 3.2 18.06 (MgO) 0.508 36.2 37
CHSi-950 3.077 0.010 2.2 9.15 (MgO) 0.396 36.6 30

0.15 (MgsSi)
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Figure 7.1: X-ray diffraction patterns of samples sintered at temperatures of

650°C (a) and 950°C (b).

atoms of Si and some of the C released after CHSi decomposition at 300°C [150]

form SiC compound at a temperature of 950°C (Fig. 7.1(b)).

At higher sinter-

ing temperature (> 900°C) Fe from the sheath material reacts with boron [223].

Therefore, some amount of FeB phase was detected in samples sintered at 950°C.
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Fig. 7.2 shows the position of the (110) and (002) peaks in the XRD pat-
terns, which reflect changes in the a and ¢ lattice parameters of the hexagonal
MgB, crystal lattice, respectively. There is no shift observed in the (002) peak
position for the C-doped MgBs samples, indicating that the ¢ lattice parameter
remains unaffected by C-based doping. The estimated value of the ¢ parameter is
3.52640.004A for all samples. In contrast, shift of the (110) peak to higher 26 val-
ues is observed in C-doped MgB, samples indicating on reduction of a parameter
(Aa) due to C substitution for B in the MgB, crystal lattice. The larger the Aa

value the higher the level of C incorporated in the MgB, crystal lattice [303; 117].
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Figure 7.2: Selected region of X-ray diffraction pattern demonstrating change of
a and c-lattice parameters (corresponding to (110) and (002) peak
position respectively) of samples sintered at temperatures of 650°C
(a) and 950°C (b).

Analysis of Aa values obtained in samples studied (Table 7.1) indicate that:
i) CHSi doping results in a smaller level of C substitution for B in MgB, lattice
than CHO doping at both temperatures studied; and ii) the higher the sintering
temperature, the larger the level of C is substituted for B in both CHSi and

CHO-doped MgB, samples. These are in agreement with the results obtained in

polycarbosilane- and sugar-doped bulk MgB, samples [147; 305].
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7.4 Micro- and nanostructure

SEM images of the typical microstructure of pure and doped samples subjected
to high and low sintering temperatures are presented in Fig. 7.3. Notably sinter-
ing at 650°C yields samples with small loosely connected grains (Fig. 7.3(a,c,e)),
while high temperature sintering (950°C) results in samples with larger and better

consolidated grains (Fig. 7.3(b,d.f)).

CHO-950

Figure 7.3: SEM images of the microstructure of pure (a, b), CHSi- (¢, d) and
CHO-doped (e, f) MgB,y samples fabricated at 650°C and 950°C.

This conclusion is also supported by FWHM (Full Width at Half Maximum)

values estimated from XRD patterns of studied samples (Table 7.1). According
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Figure 7.4: Bright field (left) and dark field (right) TEM images of the nanos-
tructure of MB-650 (a, b), CHSi-650 (c, d), and CHO-950 (g, e, f)
samples. The arrows and circled areas are explained in the text.

to the Scherrer equation, grain size is inversely proportional to the FWHM value
(D, = 0.94\/FW HM cos 6, where D, is crystal size, A is wavelength, and 6 is the

peak position). Thus, the decreasing FWHM values for all samples with increasing
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sintering temperature indicates growth of grain size in the samples.

In addition, FWHM values of C-doped samples are larger than for the reference
MgB, sample due to worse MgB, crystallinity associated with C-substitution for B
in these samples and reduction of grain size compared to reference sample, which
is likely induced by doping. Note that high values of FWHM are obtained for
CHO doped samples. Indeed, the increase in the FWHM values is a collective
effect of several factors, including the high level of C substitution into the MgB,
lattice, high intrinsic strain caused by large amounts of MgO (and/or MgySi for
CHSi-doping) impurities and defects generated by C-substitution [261].

A TEM study was performed on corresponding bulk [305; 147] samples pre-
pared simultaneously with samples in the form of wire. Bright- and dark-field
TEM images of the MB-650, CHSi-650, and CHO-950 samples are presented on
Fig. 7.4. These help to estimate the grain size within each sample and demonstrate
the defective nanostructure of samples studied.

The grain size is varied within each sample. As can be seen, the microstruc-
ture of samples consists of round grains with sizes up to 50 nm (marked by broken
arrows), and grains elongated in one direction (shown by solid arrows). The elon-
gated grains have sizes up to 50 nmx400 nm and 50 nmx150 nm in MB-650
[Fig. 7.4(a, b)] and CHSi-650 samples [Fig. 7.4(c, d)], respectively [305]. Increas-

Figure 7.5: Nanoimpurities (a) and crystal lattice defects (b) observed in C-
doped MgBs; samples.
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ing the sintering temperature results in significant grain growth. For instance, the
grain size is about 100 nmx400 nm in the CHO-950 sample [Fig. 7.4 (e, f)] [147].

It is remarkable that the doped samples have high levels of nanoimpurities
[MgO and/or Mg»Si, Fig. 7.5(a)] and crystal lattice defects, such as dislocations
and stacking faults [Fig. 7.4 (g) and shown in Fig. 7.5(b)], which are clearly seen
in the doped samples and are in agreement with previously published data [72;
73; 82; 306]. A dense network of crystal lattice defects within MgB, grains in the
doped samples is generated by incorporation of C on B sites in the MgB, crystal
lattice and by large numbers of inclusions such as MgO in CHO-doped samples,

and MgO and/or MgsSi in polycarbosilane doped MgB,.

7.5 Superconducting properties of the CHO and

CHSi-doped MgB, superconductors

7.5.1 Critical temperature

Critical temperature (7.) values of the studied samples are presented in Table 7.1.
In carbon-doped samples the decrease in T, is due to carbon being incorporated
into the crystal lattice [103; 140; 141; 307]. At the sintering temperature of 650°C,
the T, value of the CHSi-650 sample is lower compared to the CHO-650 sample in
spite of the fact that the level of C substitution is higher in the CHO-650 sample.
This is due to the high level of impurities (MgySi, MgO) in the CHSi-650 sample
(Table 7.1), which result in inhomogeneity of this sample and reduce its apparent
T..

Higher sintering temperature (950°C) results in better crystallinity and homo-
geneity of all samples, and, thus, higher T, values are observed in all samples. For

more homogeneous samples (CHO-950 and CHSi-950), the higher the level of C in
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the MgB, lattice, the lower the T value is (Table 7.1).

7.5.2 Resistivity and effective cross section

Resistivity values at 40 K and 300 K for the studied samples are presented in
Table 7.2. It is well known that the resistivity depends on several parameters,
including porosity, grain connectivity, inclusions/defects within the grains, and
alloying [75; 140]. As can be seen from Table 7.2, doped samples have higher resis-
tivity values compared to pure samples. This is consequence of increased electron
scattering on the larger number of grain boundaries, impurities, and denser net-
work of crystal lattice defects, which were observed in the CHSi and CHO doped
samples (Table 7.1, Fig. 7.4).

Increasing the sintering temperature results in formation of bigger and better
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Figure 7.6: Resistivity of pure and doped MgBy wires sintered at different tem-
peratures and applied magnetic fields.
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Table 7.2: Resistivity and effective cross section (A.ss) of the samples.

Sample p(40 K), p(300 K), A p Acrs
p Qem p Qem p Qcm %
MB-650 37 86 46 15
CHO-650 194 290 96 7.6
CHSi-650 158 230 72 10.1
MB-950 32 74 39 19
CHO-950 122 177 55 13.3
CHSi-950 78 124 46 15.8

consolidated grains (i. e. improved connectivity between grains) (Fig. 7.3), and,
thus, decreased pyox and psgox values for all pure and doped samples (Table 7.2).
However, resistivity values for the doped samples are still higher that those for
pure MgB,. This is again due to the increased number of crystal lattice defects in
the doped samples as a result of the observed higher level of C substitution on B
sites in the MgB, crystal lattice at high temperature.

It should be noted that at both sintering temperatures, CHO doped samples
have higher resistivity values than CHSi-doped MgB, (Fig. 7.6). This indicates
that CHO doping generates a higher level of defects, which results in more sig-
nificant electron scattering during current flow, and/or more impurities that are
detrimental to the current flow.

According to Rowell [75], values of resistivity at 40 and 300 K can be employed
for estimation of the effective crosssection of samples (A.s) which carries electrical
current: Acrr = Apigear/Ap, where Ap = psoor —paok of the sample and the Ap;geq
value is obtained from a fully connected sample. The values of A, for the studied
samples are presented in Table 7.2. Ap;geq is assumed to be 7.3 pf2cm, as for dense
MgB; filament made by chemical vapor deposition [77].

As can be seen from Table 7.2, doping results in reduction of the effective
crosssection. This may be due to the fact that doping induces large numbers of

impurities such as MgO and Mg,Si (Table 7.1). Increasing the sintering temper-
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ature results in larger A.ss values in all samples. This is likely to be due to the
fact that grains are much better connected in these samples, which correlates well

with the microstructural changes observed in Fig. 7.3.

7.5.3 Upper critical field

The upper critical field B (T') values were obtained from the p(B,, T") curves using
Eq. (1.4) (Fig. 7.7). The B.(5 K) values for the samples studied were estimated
by a linear extrapolation of the Bw(T') curves to lower temperatures, and the
resulting values are presented in Table 7.1.

The Be(~ 1/£2) in the dirty limit is inversely proportional to the electron mean
free path, ¢ (1/§ = 1/0+ 1/&;) [308]. Electron scattering in pure MgBs samples
mainly occurs on grain boundaries and crystal disorder, the amounts of which
are higher in samples sintered at lower temperatures than in samples subjected
to higher sintering temperature [249]. Thus, the pure MgB, sample sintered at
lower temperature (MB-650) shows a higher B, value than the sample prepared
at higher temperature (MB-950).

The doping of MgB, with C-based dopants increases B, values when compared
to the pure sample. The highest (among all the samples studied) B, value of 37 T
was obtained for the CHO doped wire sintered at 950°C. This value is the highest
for nano-C doped samples reported in the literature. For comparison, the B, value
of 32 T has been measured in nano-C doped samples [307], and B of 30 T has
been obtained for MgB,_,C, wire segments [140], double-wall carbon nanotubes
[141] and nano-SiC doped samples [264].

The observed enhancement of B., in CHSi and CHO-doped samples is due to
structural changes, which affect the scattering mechanism in the two-band MgB,
superconductor [308]. A higher level of C substitution (higher z value) in the

CHO doped samples correlates well with a more significant enhancement of the
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upper critical field, as observed for the CHO-650 (z = 2.3 %, Beo = 34 T) and
the CHO-950 (z = 3.2 %, B =37 T) samples. However, it is not the case for
CHSi-doped wires. As can be seen, the B., value is as high as 32 T for the
CHSi-650 sample having a lower level of C-substitution (z = 1.2 %, Table 7.1)
compared to 30 T for the CHSi-950 sample with a higher level of C-substitution
(z = 2.2 %). This implies that electron scattering on MgO and a large amount
of MgoSi (17.21 wt.%) impurities, as well as defects caused by these impurities
(dislocations, staking faults, etc.), and small grain size play the major role in the
improvement of the upper critical field in the CHSi-650 sample. Indeed, it was
emphasized above that the amount of MgsSi impurities drops to nearly zero in

the CHSi-950 sample. Combining this fact with the large, more crystalline and

NDr——T—T T T T "7
o --- CHO-650-
35| e — CHO-950-
\ + --.. CHSI-650
E 30K * — CHS-950
q o ----MB-650
M 25 — MB-900
©
2 xof
T
&)
= 15
o
T 10
o
-
5
O5——6"15 20 25 30 35

Temperature, (K)

Figure 7.7: The upper critical field vs. temperature dependence, B (T'), for the
samples studied. Symbols represents experimentally observed data,
while the lines show corresponding linear extrapolations.
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better consolidated grains formed at 950°C, the electron mean free path and the
coherence length were increased, but the B, value was decreased in CHSi-950

sample, in spite of the fact that the level of C substitution was nearly doubled.

7.5.4 Critical current density. Pinning mechanism

Fig. 7.8 shows the field dependence of the critical current densities for pure, and
the CHSi- (Fig. 7.8(a)) and CHO-doped (Fig. 7.8(b)) MgBs samples. As can be
seen, increasing the sintering temperature results in enhancement of the J.(B,)
performance over the entire field range for both dopants investigated.

It should be noted that doping MgB, superconductor with CHSi and CHO
results in J. degradation at low applied magnetic field (at 20 K: B,< 4 T for
CHSi and B,< 4.2 T for CHO doping) compared to pure MgB, sample. This
is consistent with the high level of secondary phases and thus smaller values of
the effective crosssection (A.ss, Table 7.2) in the doped samples when compared
to pure MgB, samples. Increasing the sintering temperature from 650 to 950°C
results in higher 7T, (Table 7.1) and A.fy (Table 7.2) values in all samples, and
thus, improves current-carrying ability in all samples studied.

In contrast, at higher applied magnetic fields (B, > 4.2 T), J.(B,) of doped
samples outperforms one for the pure MgB, sample. Among the dopants stud-
ied, a higher in-field J.(B,) performance is observed for the CHSi-950 sample
compared to the CHO-950 sample (Fig. 7.9(a)). In order to explain the in-field
J.(B,) behaviour, the pinning mechanism in the pure and doped samples has been
analyzed.

The average pinning force, Fj,, has been estimated using the equation F, =
Jo X B,. The normalized pinning force (F},/F}"**) as a function of reduced magnetic
field b = B,/B; is shown in Fig. 7.9(b, ¢, d) for pure, CHSi-doped and CHO-

doped samples, respectively. The B;,.. values were obtained as fields for which
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Figure 7.8: 20 K J.(B,) performances of CHSi (a) and CHO-doped (b) MgBs
samples sintered at temperatures of 650 and 950°C.

Jo(20K) = 10°A/m*. Fits to the experimental F,/F;"** curves for pure and

doped samples were made the using equation F,/F;"** oc bP(1 — b)? , as shown by
Dew-Hughes [78].
For the CHSi-950 and CHO-950 samples the fitting parameters p = 0.5 and
q = 2.2 £ 0.2 for normalized pinning force were obtained at T" = 20 K. According
to the Dew-Hughes model [78], these values correspond to normal core pinning
on surface pins, such as grain boundaries and crystal lattice defects (dislocations,
staking faults, etc.) As demonstrated above, the level of these defects generated by
high levels of MgO impurities and C-substitution is higher in the CHO-950 sample,
and this results in higher B., and, therefore, should lead to enhanced J.(B,)
behaviour compared to the CHSi-950 sample. However, the J.(B,) performance
observed in Fig. 7.9(a) does not follow this prediction. We believe that this occurs

due to the formation of the large amount of MgO phase, which likely results in
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sintered at 950°C. (b-d) Normalized volume pinning force (F,/F"*)
versus reduced magnetic field (B,/B;,») at 20 K with fitting curves.

formation of supercurrent blocking layers around the grains and reduces the total
critical current density in the CHO doped sample.

It was confirmed by a number of studies [71; 84; 147; 309; 310] that in pure
MgB, samples, the grain boundaries provide the main pinning source. However,
the fitting parameters for F,/F;"** curve with p = 0.5 and ¢ = 2 do not fit
the experimental data, especially at low fields (Fig. 7.9(b)). With the aim of
accurate fitting, we obtained values of p ~ 0.95 and ¢ ~ 3.06 [dotted line in
Fig. 7.9(b)], which seem to be in good agreement with fitting parameters reported
in the literature [70; 311; 312]. The observed pinning force behavior has not yet
been explained. We speculate that in the low field region, the current carrying
ability is mainly determined by connectivity and structural transparency rather

than by the pinning properties in the pure MgBs samples [313; 312]; thus, a
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reasonable fit of the pinning force in the low field region is not achieved, as shown
in Fig. 7.9(b).

In order to demonstrate the potential of CHO and CHSi-doped MgB, sam-
ples for practical application, the electromagnetic behaviour of the corresponding
MgB, wires was investigated. Figs. 7.10 and 7.11 show the transport J.(B,) per-
formances of the CHSi- and CHO-doped MgB, wires, respectively, measured in
the temperature range from 5 to 30 K with applied magnetic fields up to 16 T.

As can be seen, the transport supercurrent properties of CHSi and CHO-doped
samples are in good agreement with the magnetic properties of the superconduct-
ing core. First, the values of (transport) critical current densities of doped wires
exceed the ones for pure MgB, in the temperature range from 5 to 20 K. Therefore
doping enhances the performance and enables application of MgBs superconductor
at high magnetic fields. Second, an obvious tendency has been observed, where
increasing sintering temperature results in higher critical current density values
for doped samples. Similar behaviour was observed from magnetic measurements
of superconducting cores (Fig. 7.8), which has been explained by enhanced upper
critical fields (Fig. 7.7), large number of pinning cites (defects) and, therefore, a
large pinning force (Fig. 7.9) in doped samples.

Transport measurements, performed at lower temperatures, clearly demon-
strate that the level of critical current density improvement is different at high
(20 K) and low (5 K) temperatures (Figs. 7.10, 7.11). For instance, the values of
J. at 5 K (10 T) are about one order of magnitude higher for CHO and CHSi-
doped samples compared to pure MgB, samples (at 5 K J.(10 T) are 2x107, ~10®
and 2x10% A/m? for MB-700, CHO-950 and CHSi-700 samples, respectively).
However, the ratio of J. values for doped and non-doped samples at 20 K (6 T) is
reduced to factors of 4 and 3.2 in CHSi and CHO-doped samples compared to pure

MgB,. This is due to the fact that B.s becomes considerably larger (Fig. 7.7), while
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Figure 7.10: Transport J.(B,) performances of CHSi-doped MgBs samples sin-
tered at temperatures of 600 and 700°C.

the coherence length & (B ~ 1/£2) is smaller for doped samples. Generally, the
crystal lattice is much more defective in doped than in pure MgB,, and thus, de-
fects with smaller sizes, such as crystal lattice defects (dislocations, nanodomains,
stacking faults, etc.), which are less effective for pure samples with larger £, become
effective pinning sites. Therefore, the generally stronger enhancement of J.(B,)
for the doped samples at lower temperatures (5 K, Fig. 7.8), at which &(T) is the
smallest (i. e. B(T) is larger) has been observed.

It can also be noted that enhancement of critical current density is observed
at high field regions. The steep slope of the J.(B,) characteristic for pure MgBs
sample suggests that this sample has higher supercurrent values in the field regions
B, <6TatbKand B, <4 T at 20 K. This correlates well with data observed by
magnetization measurements (Fig. 7.6). These observations imply that in the low

field region connectivity of grains and transparency of structure are crucial factors
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Figure 7.11: Transport J.(B,) performances of CHO-doped MgB,; samples sin-
tered at temperatures of 700-950°C.

for current carrying ability in polycrystalline MgB, samples. Indeed, the large
amount of impurities (MgySi and/or MgO) in doped samples, which may reside
not only within, but also in between grains, results in greater current dissipation
in bottlenecks to current flow, as compared to pure MgB, samples, particularly at
low magnetic fields, where supercurrent is large.

At the measurement temperature of 30 K, the J.(B,) of the pure MgB, sam-
ple outperforms those for the doped MgB,; samples. this is due to the fact that
superconductivity is generally suppressed in the close vicinity of the transition
temperature in the doped samples, i.e. T/T,. for doped samples is substantially
smaller than for non-doped ones at 30 K. At lower temperatures, this difference is
not as large. Note, the higher the sintering temperature, the smaller the degrada-
tion of J.(B,) that is observed as a result of improved crystallinity, and higher 7,

and A.ss values in these samples.



7.6. Summary 112

7.6 Summary

The effect of processing temperature on the structure and superconducting prop-
erties of CHSi and CHO doped MgB; wires have been investigated. It is observed
that increasing sintering temperature results in higher levels of C substitution on
B sites in the MgB,y crystal lattice. This substitution is larger in CHO doped
samples compared to CHSi doped samples. Increasing sintering temperature re-
sults in higher By values for CHO doped samples. A By value of 37 T (at 5 K)
is estimated for the CHO-950 sample, which exceeds the B., values achieved by
nano-C doping. In contrast, B., decreases in CHSi-doped samples with increasing
sintering temperature. The in-field J.(B,) performance in doped wires is improved
compared to the reference wires due to enhanced B,y values and stronger pinning
on lattice defects caused by impurities and C substitution. However, the high
level of MgO impurities (up to 18 wt.%) reduces transparency for current flow and
results in lower J.(B,) performance of CHO doped samples compared to CHSi

doped MgB, samples.



Chapter 8

Conclusion

In this work, two issues that are important from a practical point of view - thermal
stabilization and improvement of electromagnetic performance by doping - of MgBs
superconductor have been systematically investigated.

In order to achieve thermal stabilization, a layer of Al outside of Fe-clad MgB,
wires was created by the powder-in-tube (PIT) technique. Fe was used as a barrier
between the Al and the Mg+2B unreacted mixture to prevent reaction between
these components during sintering. In addition, Fe assured a higher density in
the superconducting core of the final wires due to better compaction of unreacted
Mg and B powders during drawing. It was demonstrated that the PIT technique
can be used for fabrication of Al/Fe-clad MgB,; wires with outer diameters of
1.42 mm. It also was observed by x-ray diffraction that a low temperature sintering
at temperatures in the range of 600-630°C for a duration of 30 min is sufficient
for formation of MgB, compound. In contrast, when fabricated in a similar way,
Al/Fe-clad SiC-doped MgB, wires required longer sintering time (180 min) at the
temperature of 600°C. Low temperature sintering results in less crystalline MgB,
and thus a lower (compared to 39 K) critical temperature (7.), which slightly

increases from 35.7 K to 36.7 K with increasing sintering temperature from 600°C
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to 630°C. SiC doping of MgB, wires resulted in C substitution on B sites and
subsequent further reduction of 7, to 32.9 K (for 600°C) and 33.2 K (for 630°C).
The Al/Fe-clad pure and SiC-doped MgB, wires had (magnetic) critical current
density values of 7x10° - 1.8x107 A/m? and 2x107 - 3.8x107 A/m? at 20 K and
4.5 T, respectively, which are sufficient for practical application. SEM study of
Al-stabilized Fe-clad MgB, wires demonstrated that Al is compatible with the Fe
barrier under sintering conditions 600-620 °C for 30 min. Under these conditions,
there is no reaction between Fe and Al materials. However, increasing the sintering
temperature (640-650 °C) or the duration (620 °C for 90 min) results in formation
of AlsFe alloy. The formation of this alloy may result in reduction of the thermal
conductivity of the stabilizer, but is preferable for better connectivity between Fe
and Al layers.

In order to assure better connectivity of the Al stabilizer and the Fe barrier
in Al/Fe-clad MgB, wires, a new hot aluminizing approach was developed. The
benefit of this technique is that it can be applied on already optimized Fe/MgBs
wires. Alternatively, this can be used for simultaneous formation of Fe/MgB,
conductor and its coating with Al stabilizer. The results of this study demon-
strated that submerging the unreacted Fe/MgB, wire in a molten Al bath kept at
temperatures of 670°C and 770 °C for durations of 30 and 10 min, respectively,
is essential for complete MgBs phase formation and fabrication of a thin (about
10 pum) Al layer. Favorably, the thickness of the Fe-barrier was systematically
reduced for samples prepared at higher temperatures. Magnetic measurements
performed at 10 K on Fe-clad MgB, wire showed more strongly pronounced flux-
jump behaviour in the low field region (0-2 T) compared to Al/Fe-clad MgB,
wires (having a similar thickness of Fe layer). Furthermore, the transport critical
current density of Al/Fe/MgBy wires with reaction during aluminizing achieved

the level of 2.2x10% A/m? at 20 K and 3.5 T, which is only slightly lower than
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. = 3.7x10® A/m? for the reference Fe/MgB, sample.

Importantly, the results of this work imply that powder-in-tube and hot alu-
minizing demonstrate feasible approaches for fabrication of Al-stabilized MgBs
wires, which are required for practical application of high current magnesium di-
boride superconductor. Moreover, these open up the opportunity for fabrication
of lightweight Al/MgBs superconductors for airborne and aerospace applications,
where weight is a critical parameter.

The feasibility of introducing magnetic pinning sites into in-situ MgBs con-
ductor has been investigated with the help of Fe-based dopants. As systematic
study of nano-Fe particles, as well as home-made Fe;B and SiO, coated FesB par-
ticles was performed. It was found that precursor Fe and FesB were in crystalline
form, while Fe,B particles covered by SiO, were in the amorphous phase. Fe,B
and SiO, coated FeyB particles had sizes of 84 and 177 nm, respectively. Magne-
tization of precursor dopants is reduced in a sequence 210 Am?/kg, 103 Am?/kg
to 26 Am?/kg for the investigated nano-Fe, Fe,B, and Fe,B/SiO, particles, re-
spectively. The Fe-based dopants studied resulted in significant degradation of
the critical temperature of MgBs; conductor. Based on theoretical studies and
nuclear magnetic resonance (NMR) studies found in the literature, the studied
Fe-based dopants have a non-magnetic nature in MgB;. We believe that one of
the possible reasons for the degradation of 7 in the samples studied was the large
amount of impurity phases formed between Mg, B, and the doping materials dur-
ing sintering. Magnetic critical current densities, J.(B,) and irreversibility field
values, Bj,.., of undoped and doped MgB, samples with different amounts of Fe,
Fe;B, and SiOs-coated FesB magnetic nanoparticles do not show any enhance-
ment of flux pinning associated with the magnetic interaction between vortices
and magnetic nanoparticles. Moreover, rather good scaling of J.(B,/B;) curves

for doped wires with that for undoped wire seems to indicate that the dominant
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pinning mechanism is the same (grain boundary pinning) in both undoped and
doped samples. Strongly curved Kramer’s plots of the doped samples indicate a
rather inhomogeneous distribution of the magnetic dopants. We believe that the
observed J.(B,) and B, degradation for MgBs superconductor with the intro-
duction and increasing doping level of the studied Fe-based dopants is due to (i)
alteration of the phonon frequency and/or electron-phonon coupling strength by
the electronic nature of Fe-based dopants, causing T, reduction, (ii) inhomogeneity
introduced by the magnetic nature of the dopants studied, and (iii) the presence of
impurity phases, which act as weak links between superconducting MgBs grains.
Thus, our results do not confirm the theoretical prediction of improved supercon-
ducting characteristics in Fe/MgBs structures fabricated in bulk and tape in-situ
MgB, samples.

For practical application it is crucial to enhance the electromagnetic character-
istics of MgBy wires. In this thesis, the work on structural and superconducting
properties of polymer C-based doped MgBsy pellets was extended to the wires,
which are required for practical applications. The effects of sintering tempera-
ture were investigated, and comparative study of CoH12Sig (CHSi) and C12H9014
(CHO) dopants on performance of MgB, wires was performed. First, it was ob-
served that polymer-C doping enhances the effectiveness of doping. This was
demonstrated by a larger level of C substitution on B sites in the MgB, crystal
lattice when compared to nano-C doping. For the dopants studied, a larger level
of C substitution, x, was observed in C15H9,07; doped MgB, wires. The z values
further increased with increasing sintering temperature from 650°C to 950°C for
both types of dopants studied. A higher level of C substitution for B (z values)
results in a higher density of nanostructural crystal lattice defects (stacking faults,
dislocations, etc.) in the doped samples. Moreover, X-ray diffraction analysis

revealed large number of secondary phases: MgO (for CHO-doped MgBs), and
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MgO and Mg,Si for CHSi-doped MgB,. In both, nano-defects and impurities re-
duce the electronic mean free path and increase electron scattering, resulting in
the enhanced upper critical field (B.y) of CHSi and CHO-doped MgBs, wires. For
instance, at a temperature of 5 K, B, of 37 K was observed for the CHO-doped
MgB, sample sintered at 950°C (with z = 3.2 wt.%), and B of 32 K was observed
for CHSi-doped MgB, wire fabricated at 650°C (with z = 1.2 wt.%). Furthermore,
the dense network of nano-defects formed in polymer C-doped MgB; samples im-
proved pinning, and thus resulted in enhanced current current density (J.(B,))
in the doped samples. This improvement is more strongly pronounced in samples
prepared at higher sintering temperatures, at which more nano-defects (pinning
sites) and better connectivity of grains were observed. In particularly, at the tem-
perature of 5 K and applied magnetic field of 10 T, (transport) critical current
densities are 2x107, ~10® and 2x10% A/m? for pure (fabricated at 700°C), CHO-
doped (950°C) and CHSi-doped (700°C) MgB, wires. This trend is consistent
with magnetic measurements. Note that in spite of the large B,y value, the CHO-
doped MgBs sample has lower J.(B,) performance. We believe that this is due
to formation of a large amount of MgO impurities in the CHO-doped MgB, sam-
ple, which degrades current flow in the wire. Thus, oxygen free CsHi5S% dopant
has high potential for fabrication of C-doped MgBy wires for practical applications.
Furthermore, the density of the superconducting core should be enhanced in order

to obtain higher current carrying ability in Fe-clad MgBy wires.
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