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Preface

Since the discovery of superconductivity in 1911, scientists have been trying to develop
large electromagnets capable of producing very high fields and yet would consume no power.
A superconductor can transport large DC currents with no measurable resistive loss when it is
kept below three critical parameters, critical temperature (T¢), critical field (Hc) and critical
current density (Jc). The superconductors discovered in the beginning had very low Hc values
and were not suitable for making magnets. A breakthrough happened in the 1950s and early
60s when a new class of superconductors was discovered. These materials known as type Il
superconductors could retain their superconductivity at higher magnetic fields and were
capable of carrying large current densities. Soon after, superconducting wires for magnet
construction were commercially produced and by 1961 small magnets made from niobium
zirconium were available. Then came niobium tin, an intermetallic compound with excellent
superconducting properties but its brittle nature made its fabrication difficult. Niobium-
titanium was first produced in 1965 and this ductile, easy to fabricate alloy soon became the
standard ‘work horse’ for superconducting magnet industry. The low transition temperatures
of niobium superconductors made it necessary to operate them at low temperatures, close to
the boiling point of helium. Helium is a natural resource available in poor quantity and hence
very costly. The high cost and difficulties in maintaining such low temperatures are the major

bottlenecks to the widespread use of superconducting materials.

Discovery of High Temperature Superconductors (HTS) in the mid-80s raised hopes of
using a less expensive cryogen, LN, as the cooling source. Unfortunately, the current density
of HTS falls drastically with increasing temperature and field. In addition, the high complexity
and cost of HTS are hindering their widespread use. Recently discovered Fe-As based materials
show promising superconducting properties but the presence of toxic arsenic and the
difficulties in making good quality wires/tapes are hampering their development. We shift our
attention to MgB., an intermetallic known since the 1950s but only in 2001 discovered to be
superconducting below 39 K. MgB: has an advantage in Tc over any of the Low Temperature
Superconductor. This makes it suitable for operation in 20-30 K range using a cryocooler. The
simple crystal structure, low anisotropy, weak-link free grain boundaries and large coherence
length are favourable properties for the development of long conductors with excellent
superconducting properties. The well-established Powder In Tube process can be employed for

the preparation of MgB. wires/tapes and the raw materials are inexpensive and abundant. The

Xi



main drawback of MgB: is its drastically decreasing Jc in an applied magnetic field due to

weak flux pinning.

The aim of the present work is to develop MgB: wires with improved transport critical
current density at higher fields and characterize them under cryogen free conditions. To achieve
this target, a three stage research plan was executed and is detailed in the thesis. The thesis is
organized into 6 chapters. Chapter 1 gives a brief introduction to superconductivity and
discusses in detail the features and relevance of MgB2. An insight into the main properties,
preparation techniques, challenges, in-field property improvement and applications of MgB2
are given in this chapter. The preparative techniques and characterizations used for the present
work are discussed in chapter 2. Chapter 3 details the studies to improve the in-field critical
current density of MgB: in bulk form through chemical doping. Effects of mono as well as co-
doping of n-SiO> and nano diamond on the structural and superconducting properties of MgB>
are discussed. An issue, which is limiting the effectiveness of chemical doping in the normal
preparation techniques is the agglomeration of nano dopants. To address this issue a novel
synthesis route using Mg-Si alloy with uniformly distributed Mg.Si particles, prepared using
casting technique is proposed. Chapter 4 details the development of MgB2 wires in mono and
multifilamentary geometry and their characterization under cryogen free condition. Effects of
heat treatment temperature and duration on the structural and superconducting properties of
undoped monofilamentary wires are discussed in the first section of this chapter. In MgB2
conductors, sheath materials play an important role. A comparison of commonly used sheath
materials regarding their reactivity with the precursor powder, influence on superconducting
properties, strain tolerance, mechanical workability, cost etc. are done. Chapter 5 discusses the
efforts to replicate the good properties obtained in MgB2 bulk to wire samples. Transport
critical current densities on a par with the best samples reported internationally are achieved
through chemical doping. Also, we have shown that Burned Rice Husk (BRH), an indigenously
developed dopant by our group is a cheaper alternative for n-SiC, the best dopant reported so
far in MgB:. Finally, chapter 6 summarises the work with main conclusions and future scope

and directions of work in the area.
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Chapter 1

An introduction to MgB: superconductor

1.1 Superconductivity

Superconductivity is an exciting phenomenon whereby certain materials when cooled
to very low temperatures suddenly lose their resistivity and become perfect conductors of
electricity. Unlike linear change in resistance with temperature shown by a normal metal, the
superconducting state appears quite abruptly at a critical temperature (Tc), which is
characteristic of the material. Often these temperatures are in the liquid He range. In fact, the
development of He liquefaction techniques by Kammerlingh Onnes led to the discovery of
superconductivity and it happened in 1911 in Leiden [1] (see figure 1.1), three years after he
first liquefied He. Onnes started dreaming about giant electromagnets, capable of producing
very high fields and yet would consume no power. But his hopes were dashed quickly when he
discovered that superconductors also have a critical field (Hc), above which it reverts back to
normal state. Many curious properties of superconductors were discovered in subsequent years
and our understanding of this fascinating phenomenon has advanced profoundly [2-5]. The
dream of large superconducting magnets showed signs of turning into a reality in the late 1950s
and early 60s with the discovery of a new class of high field superconducting alloys [6-8].
These materials were capable of retaining their superconducting state even at very high fields
and also capable of carrying large current densities. By the way, the current density carried by
a superconductor is capped by a critical value (Jc). Tc, Hc and Jc are related to each other by
the critical surface, figure (1.2). A material will be superconducting below this surface and

normal above it.
1.2 Basic superconducting properties

1.2.1 Critical temperature

The superconducting state is characterised by a condensation of the conduction
electrons into a lower energy state. The theories of Frohlich and of Bardeen, Cooper and
Schrieffer (BCS theory) have explained this condensation in terms of an attractive interaction
between pairs of electrons, which is transmitted via lattice vibrations in the crystal. The strength

of this interaction is maximum when electrons are in a state of opposite spin and having equal
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1. An introduction to MgB2 superconductor

and opposite momentum. The interaction causes the kinetic energy of electrons to increase
above that expected in the Fermi distribution and at the same time reducing their potential
energy by a greater amount so that the total energy is reduced. The extent of this reduction may
be expressed in terms of superconducting energy gap 2A, defined as the energy required to
break the interaction of a Cooper pair and making the electrons normal again. BCS theory

relates energy gap to critical temperature by
3.5 ksTc =2A(0) (1.2)

where kg is the Boltzmann’s constant, 2A(0) is the energy gap at absolute zero. Thus it can be
seen that Tc is a direct function of the strength of interaction between electrons in the Cooper

pair.

Fig (1.3) Meissner effect- a superconducting sphere in a
constant applied magnetic field excludes the magnetic
flux.

1.2.2 Critical field

The superconductors discovered in the beginning (e.g. tin, lead and mercury) belong to
a class known as ‘type I’ superconductors. They exhibit Meissner effect, which is the total
expulsion of magnetic flux from the interior of the specimen when it enters the superconducting
state (figure 1.3). This is a reversible process and it happens, both when a magnetic field is
applied to a superconducting specimen and also when a sample in a magnetic field is cooled
below its Tc. Condensation of electrons from their normal to superconducting state leads to a
reduction in Gibbs free energy from G, to Gs. When a magnetic field, B is applied to a
superconductor, due to flux expulsion its Gibbs free energy increases by B2/2p whereas the
energy of the normal phase remains unchanged. Therefore at lower fields, superconducting
state will be more stable due to lower energy and at higher fields, it would be preferable for the

material to admit flux and be in the normal state which would have lower energy. The transition



between normal and superconducting state happens when the Gibbs free energy of the two
states become equal and the magnetic field corresponding to this point is called the critical
field, Bc. (It is a common practice among workers in superconductivity to denote the critical
value of the applied magnetic field as Hc. In the subsequent sections of this thesis critical field

will be denoted as Hc). Thus the critical field is given by
BH2Mo = Gp - Gs (1.2)

The Critical field of type I superconductors is very low and therefore they are not very
attractive for practical applications. There exists a second category of superconductors known
as ‘type II’ superconductors. Up to a ‘lower critical field Bcy’, they behave just like type 1
superconductors and exclude magnetic flux completely. Above this Bc,, they start to admit flux
without losing their superconductivity. Type Il superconductors remain superconducting up to
a much higher upper critical field Bc.. Figure (1.4) shows the behaviour of type | and type 1l
superconductors in an applied magnetic field. All the practically useful superconductors are

type Il. Ginsburg, Landau, Abrikosov and Gorkov developed the theory of type Il
superconductors (GLAG theory). According to this theory, the ratio K = A/§ determines whether

a material is type I or type II. Here A is the London penetration depth and & is the coherence

length. A is the depth to which magnetic field can penetrate a superconductor and § is the range
of the interaction between Cooper pairs. If K> 1/+/2, the material is type Il. Above Bc; magnetic

field enter the superconductor in the form of discrete flux lines or fluxoids, each carrying one
quantum unit of flux, ¢o= h/2e, where h is the Planck’s constant and e is the electronic charge,
i.e. ¢o=2.0x 10Whb [9, 10]. The core of each fluxoid is in the normal state with a radius of
~ & and it is enclosed by a circulating vortex of supercurrent of radius ~A. The behaviour of
flux lines is similar to Faraday’s lines of force, exhibiting line tension and a mutual repulsive
force perpendicular to the lines. Inside a homogeneous crystal, flux lines arrange themselves
into a triangular lattice (which is the configuration of lowest energy). At an applied field B,

spacing between fluxoids is given by

d?>=./4/3¢./ B (1.3)
i.e. an increase in magnetic field will push the flux lines closer to each other and finally at

upper critical field Bc,, the normal cores of flux lines overlap and the material becomes normal.

GLAG theory gives the upper critical field of a type Il material as

Bc2: \/EKBC (14)
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where Bcis the ‘thermodynamic critical field” given by equation (1.2).

Vortex (mixed)

Normal

~ Meissner
T ————

_ Meissner

(b)

Be Bei Be:
Ba Ba

Fig (1.4) Variation of magnetic field inside a (a) type | and (b) type Il superconductor with applied
field.

1.2.3 Critical current density

Inside a superconducting material if the flux lines form a regular and uniform lattice,
the field within the superconductor must also be uniform. In this case since curl B = HoJ, no
macroscopic current is allowed to flow through the superconductor. Experiments on some very
pure type Il superconducting samples bear out this prediction. It is only possible to flow
supercurrent on the surface of the samples and the resulting critical currents are extremely low.
To develop technically useful superconductors capable of carrying large supercurrents through
their volume it is required to disturb the distribution of flux lines and make it non-uniform. We
can discuss it in a simple way using figure (1.5). In figure (1.5a), it is a uniform array of fluxoids
and the supercurrents cancel out on a macroscopic scale. However in figure (1.5b), there is a
gradient in fluxoid density and as a result between each row there is a proportion of vortex
current which is not cancelled, i.e. there is a macroscopic current density. Because of the
repulsive force between fluxoids, the gradient in density gives rise to a net force per unit
volume which is proportional to both the density and the gradient.

. B dB
le.F=——
¢ Ho dx

This could be extended to the more general case of curved flux lines in three dimensions

F=uincurIB=B><J (1.5)



QOOOO N (OOOOO

OO0 =
§<§<§<§<§ OCOOO

C
OOOOO) O O O
(b)

()

Fig (1.5) (a) A uniform array of vortex currents produces no net current density; (b) a gradient in the
density of vortex currents produces a net current.

This is the expression for Lorentz force acting on a current density J. To stop flux lines from
moving and allow a current density to be maintained the lattice must provide an equal and
opposite ‘pinning force’ per unit volume Fp. If the Lorentz force exceeds the pinning force, the
fluxoids will start to move. The motion of flux lines produces a voltage drop across the
specimen and a resistance known as flux flow resistance. Critical current corresponds to the
point at which flux line lattice starts to move. Flux pinning in a superconductor is caused by
the forces between fluxoids and certain inhomogeneities known as ‘pinning centres’ in the
crystal [10-12]. If the normal core of a fluxoid resides on a non-superconducting point in a
crystal, its energy would be lowered because there is no need to drive a previously
superconducting region to normal [13]. Lattice defects and inclusions of normal particles in a
crystal act as effective flux pinners.

1.3 Applications of superconductors

Introducing a superconductor instead of a conventional conductor is always associated
with a significant rise in cost. Therefore a superconductor approach comes into contention
when it brings overwhelming cost effectiveness and a unique solution to the need. Some

applications of superconductors are mentioned here.

Electric power: Superconductors find applications in generators, transformers, transmission
cables, synchronous condensers, magnetic energy storage devices and fault current limiters.
The unique properties of superconductors lead to highly powerful, efficient and compact
devices [14-19].

Transportation: Transportation facilities for people and goods play a pivotal role in the

progress of a country. Superconductors are revolutionising this area with maglev trains, railway
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traction transformers and ship propulsion systems. Figure (1.6) shows a maglev train operated

by Central Japan Railway [20-25].

Fig (1.6) Maglev train.

Medicine: The most popular application of superconductors is in Magnetic Resonance Imaging
(MRI) systems [26-28]. Magneto—Encephalography (MEG), Magnetic Source Imaging (MSI)
and Magneto—Cardiology (MCG) are some other systems making use of the unique features of

superconductors.

Industry: It is reported that large motors rated at 1000 HP and above consume 25 % of total
electricity generated in the USA. Superconducting motors can significantly reduce this energy
requirement [29-31]. Also, superconducting magnets for materials purification [32-34] and

industrial processing are being demonstrated.

Communications: Superconducting filters are widely used in cellular communication systems.
Such filters can enhance the signal to noise ratio [35, 36]. The world is moving from analogue
to digital communications and superconducting chips can drastically improve performance in

many applications.

Scientific Research: The first ever applications of superconductors were in small scale
laboratory experiments. Superconducting magnets are now an essential research tool. Making
use of superconducting materials, today’s cutting edge scientific research facilities are pursuing
breakthroughs that can give us clean, abundant energy from nuclear fusion [37] to

supercomputers that are faster than the theoretical limit of silicon technology [38, 39].



1.4 Superconducting Materials

Mercury was the first material discovered to be superconducting. Before 1973 many
other metals, alloys and intermetallics were found to be superconducting and the maximum Tc
attained was 23.2 K in NbzGe. These were known as Low Temperature Superconductors
(LTS). Superconductivity in LTS was well explained by BCS theory. Since 1960s Niobium-
Titanium alloy has been the most preferred material for superconducting magnets. Niobium-
Tin is a brittle intermetallic material which offered even higher magnetic field strengths. Even
today these two superconductors dominate superconducting magnet industry [40-43]. In 1986,
J G Bednorz and K A Muller discovered an oxide based ceramic superconductor (LaBaCuO)
with a surprisingly high Tc of ~ 30 K [44]. In 1987 C W Chu discovered an Y based cuprate
superconductor with Tc above the boiling point of liquid nitrogen, 77 K [45]. Extensive
research uncovered many more copper oxide systems with Tcs well above 100 K.
Superconductors with Tc above 23.2 K are generally called High Temperature Superconductors
(HTS) [46, 47]. Now a century after the discovery of superconductivity, thousands of materials
are known to be superconducting with Tcs spanning over a wide range of temperatures.

Tablel.1 gives some of the superconducting materials belonging to different classes.

The discovery of superconductivity in MgB2 came as a surprise to researchers. The
material was known since the 1950s but only in 2001, Jun Akimitsu’s group in Japan
discovered that it becomes superconducting below 39 K [48]. Though this T¢ of 39 K was much
cooler than that of copper oxide based superconductors, the excitement it generated among
theoreticians and experimentalists was alike since MgB: is an inter metallic material unlike
cuprates. Recently superconductivity was discovered in Iron based layered compounds with
Tcs comparable and higher than that of MgB2 [49-51]. Tcabove 50 K and Hc; of the order of
100 T were reported. The difficulties in handling toxic arsenic and preparation of wires/tapes
with good superconducting properties are the bottle-necks in its development. MgB: has
already surpassed many of the critical properties of LTS and is free from the limitations of
HTS.

1.5 Why Magnesium Diboride?

Though there are now thousands of materials exhibiting superconductivity under
various conditions, only a handful of them have evolved into practical superconductors. NbTi
and NbsSn are still the most widely used superconductors. NbTi has a Tc of 9 K and NbzSn a
Tc of 18 K. Both have good Hc, values as well (12-29 T). NbTi was first produced in 1965 and
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this ductile, easy to fabricate material soon became the standard ‘work horse’ for

superconducting magnet industry. The ability to co-process this with copper made it even more

Table 1.1 Classification of superconductors

Class Example Tc (K)
Organic (BT):' 13 3.3
Superconductors (BT)2Cu(NCS)> 10.4
TisSb 6.5
A-15 compounds ViGa 15.9
Magnetic PbMoeSs 15
Superconductors LaMo0sSs 7
(Chevrel Phases)
Heavy Fermion ZrZn; 3
Superconductors YNi1oB12 14
Oxide Superconductors Ba:1xKxBiOs 31
without Copper NbO, TiO <1
. Cs0s206 3.3
Pyrochlore Oxides RbOs;06 6.3
RuSr.GdCu20s-5 16
Rutheno-Cuprates RUSF,YCU,Os <139
High-Temperature YBa2Cu3O7—x 93
Superconductors (Bi, Pb)>Sr.Ca>Cu301q 110
Rare-Earth LuNi»B2C 16
Borocarbides YPd2B2C 23
Silicon-Based ThSi; 1.56
Superconductors CaSi» 14
S 10 (P = 93 GPa)
Chalcogens Se 4-6 (P = 15-25 GPa)
Carbon Single wall nanotube 15
Superconductors K3Coeo 19.28
. MgB: 39
Borides 7IB, 55
Iron based NdFeAsO1xFx 53
Superconductors SmFeAsO1.xFx 55
Hg 4.2
Elements Nb 9.2

*BT = BEDT-TTF [BEDT- bis(ethylenedithio), TTF- tetrathiafulvalene]

attractive. NbTi is mainly used for magnets below 10 T. NbsSn is a brittle material but with

excellent superconducting properties. It has a higher Tc and capable of producing higher fields

than NbTi. Niobium-tin is more sensitive to strain and difficult to manufacture and hence more

expensive than NbTi [52-54]. Niobium superconductors excel for their performance at LHe
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temperature. Helium is a natural resource which is available only in poor quantity and hence
very costly. Also handling LHe is tricky and hazardous. These are the major bottlenecks to the

widespread use of superconducting materials.

The discovery of cuprate high temperature superconductors was the biggest
breakthrough in superconductivity research since 1911. The commercially interesting HTS are
BSCCO (Bi-2223 and Bi-2212) and YBCO. All these materials have Tcs well above the boiling
point of LN2 which is cheap and readily available. Upper critical field values of these HTS are
above 100 T at 4.2 K. Powder-In-Tube (PIT) method is used for the fabrication of BSCCO
tapes and these are known as first generation HTS conductors. Coated conductor technique is
adopted for YBCO and these are considered as second generation conductors. The high
complexity and cost of HTS are hindering their widespread use. HTS conductor fabrication is
difficult and requires expensive Ag as sheath material. Due to high anisotropy, uniaxial / biaxial
texturing is necessary for BSCCO / YBCO in order to achieve good Jc. HTS materials have
low coherence length and their grains are weakly connected. For YBCO even the modest grain
boundary misorientation adversely affect Jc [55-61]. Recently discovered Fe-As based
materials show promising superconducting properties but making good quality wires/tapes is
extremely difficult.

MgB: has a high Tc of 39 K and is suitable for operation in 20-30 K temperature range
with cryocoolers where conventional LTS cannot be used. Thus the life cycle costs of MgB2
are lower than NbTi and Nb3Sn. A comparison of superconducting properties of MgB. with
those of LTS has shown that MgB: has already attained or even surpassed many of the critical
properties of LTS. Figure (1.7) shows a comparison of engineering current density of MgB:
wires with other practical superconducting materials. Expected fields of application are also
highlighted in the figure and potential applications of MgB: are represented by squares. MgB2
has weak-link free grain boundaries and grain boundaries act as good flux pinners [62-68].
Preparation of MgB: into long multifilamentary conductors is easy and raw materials are
inexpensive. The density of MgB, is 2.6 gm/cm® which is much lower than other
superconductors and copper. Thus it is suitable for light weight applications. MgB:2 can be
configured in round as well as rectangular cross sections giving flexibility in coil design and
fabrication. MgB. can be prepared using a number of inexpensive and easily available sheath
materials and the process requires only a lower heat treatment temperature and duration. MgB:
doesn’t necessarily require an inert atmosphere heat treatment. In an industrial point of view,

these are significant advantages and hence MgB: is considered as the material for next
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generation high field magnets [69-72]. Table (1.2) compares the fundamental superconducting
properties of practical superconductors.
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Fig (1.7) Expected fields of application for superconducting materials.
Table 1.2 Properties of practical superconductors
Parameter NbTi Nb3Sn MgB: YBCO Bi-2223
Tc (K) 9 18 39 92 110
Anisotropy Negligible  Negligible 1.5-5 5-7 50-200
Jcat4.2 K - 6 - 6 _ 6 - 6 - 7
( A/cmz) 10 10 10 10 10
Hcoat 4.2 K (T) 11-12 25-29 30-40 > 100 > 100
Hirrat 4.2 K (T) 10-11 21-24 16-20 5-7 (77 K) 0.2 (77 K)
Coherence length
4-5 3 5-12 15 15
&(0) (nm)
Penetration depth
2(0) (nm) 240 65 100-140 150 150
Resistivity p(Tc) 60 5 0.4 150-800  40-60
(uQem)
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1.6 Properties of MgB:

MgB2 was known and commercially available during early 1950s [73] but the
superconductivity in it was discovered only in the 21% century. This is quite surprising because
intermetallic superconductivity was the hot topic during 1960s. We already had binary
superconductors like NbsSn and NbsGe then and BCS theory was well established. Specific
heat of MgB>» was measured down to 40 K in 1957 [74] but somehow superconductivity was
missed. Two years later scientists predicted two-gap superconductivity [75, 76] but we didn’t
have a concrete example till 2001 when Akimitsu’s group discovered superconductivity in
MgB2. The discovery was greeted with a lot of enthusiasm by researchers all over the world.
MgB: exhibits a plethora of interesting features.

1.6.1 Crystal structure

MgB: has a hexagonal crystal structure with B atoms forming a graphite like
honeycomb network and Mg atoms occupying the pores of these hexagons, as shown in figure
(1.8). MgB:> belongs to the space group p6/mmm. In the unit cell, Mg takes the position (0, O,
0) [Weizkoff symbol la] and B takes positions (1/3, 2/3, 1/2) and (2/3, 1/3, 1/2) [Weizkoff
symbol 2d]. The coordination polyhedra are (B12Mgs) and (MgsBs) for Mg and B respectively.
The lattice parameters are ‘a’ = 3.084 A and ‘c’ = 3.524 A. Intralayer interatomic distances
are: B-B = 1.780 A, Mg-Mg = 3.084 A. Interplane B-B distance is almost double that of in-
plane B-B distance. Mg-Mg inter-layer distance is 3.524 A and Mg-B interlayer distance is 2.5
A[73, 77-79].
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Fig (1.8) Crystal structure of MgB..
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1.6.2 Basic physical and superconducting properties

MgB: is a brittle material like NbsSn and HTS materials. Anisotropy of MgB: is 1.5-5
and this is very low compared to HTS [80-82]. This low anisotropy avoids the need of texturing
in long wires and tapes of MgB: unlike in high Tc cuprates. The coherence length of MgB: is
5-12 nm and penetration depth is 100-140 nm [83]. The coherence length of MgB: is higher
than inter-atomic spacing, therefore grain boundaries of MgB: are transparent to supercurrent
flow. MgB: has a transition temperature of 39 K which is nearly double that of NbsSn and four
times that of NbTi [84, 85]. Though this temperature is much cooler than liquid nitrogen
temperature, MgB: can be cooled to an operational temperature by liquid hydrogen, solid
nitrogen or fairly inexpensive closed cycle cryocoolers. MgB: has a low room temperature
resistivity of about 10 pQcm and just above Tg, it is about 0.4 nQcm [86]. Its resistivity is
comparable to bulk copper wire. In contrast, room temperature resistivity of NbsSn is 80 uQcm
and 5 uQcm just above Tc. MgB2 is a type Il superconductor whose mechanism is well
explained by BCS theory. Pure MgB: has a lower critical field (Hc:) of less than 50 mT, and
upper critical field (Hc.) of 15-20 T and irreversibility field (Hir) of 6-12 T at 4.2 K [83, 86-
89]. The depairing current density is approximately 107 A/cm? which is one order lower than

cuprates [90]. MgB: has two superconducting gaps, Al ~ 5-7 meV and A2 ~ 1.5-2.0 meV [85,
91].
1.6.3 The high T¢ and two gap superconductivity in MgB:

The unusually high Tc of 39 K puzzled researchers since the discovery of MgB: [85].

According to BCS theory, Tc of a material depends on three parameters,
keTc = 1.13 h@pexp[-1/VN(EF)] (1.6)

the characteristic phonon energy hp, the electronic density of states N(Er) and the electron
phonon interaction giving rise to V. The phonon energies of MgB: are not particularly different
from that of other diborides and light element superconductors which have much lower Tc
values. Since MgB: has no ‘d’ electrons, N(EF) is also low. What remains is V, which is a
caliper of the strength of electron-phonon interaction. The selective coupling between specific

electronic states and specific phonons is the secret behind the interesting properties of MgB:.

In MgB., the Mg ions donate electrons to the conduction bands but Mg orbitals play
only a minor role in the superconducting process — it is the B honeycomb planes that determine

the electronic properties [92, 93]. To put it simply, let us consider benzene molecule. In
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benzene, the sp? carbon orbitals overlap and form ¢ bonds between neighbouring atoms in the
plane of the molecule. The carbon p; orbital extend above and below the plane to form z bonds.
The electrons in both bonds are delocalized among the six C atoms in the ring. In MgB2, boron
honeycomb network replaces the carbon ring in benzene and electrons are delocalized
throughout the honeycomb. The ¢ and 7 bonds in benzene become ¢ and z bands in MgB2, with
very little electron hopping between them. The n bands connect adjacent B layers through the
inert Mg ions and this allows metallic conduction perpendicular and parallel to the B sheets.
The o electrons conduct only in the B plane. Figure (1.9) shows the Fermi surface of MgB:.
The vertical cylinders at the corners are associated with ¢ bands and the 3D type tunnels and
caves in the centre are associated with the @ bands. These two nearly non-interacting bands and
their sensitivity to phonons play an important role in the superconducting properties of MgB:..
In conventional superconductors, electron-phonon interaction results in Cooper pairs of nearly
equal pairing strength, evenly distributed over the Fermi surface. In MgB2 one high energy
phonon (about 570 meV) associated with the in-plane movement of B atoms couples strongly
with o band electrons. The ¢ band has charge concentrated along the B-B axes, rather than
spread throughout the unit cell. When B atoms move in the plane the charge is substantially
distorted. This results in the shifting of energy of electronic states and accounts for the large

coupling energy [94].

The strong electron-phonon coupling in the ¢ band and weak coupling in 7t band lead
to the formation of two distinct superconducting gaps in MgB2 [95]. Though this possibility of
two gap superconductivity was proposed earlier, MgB2 was the first material in which this

effect was clearly visible. If the two bands were independent there would have been two

Fig (1.9) The Fermi surface of MgB..
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superconducting transition temperatures and other distinct properties. But in MgB: these two
bands interact, though weakly. The interaction is through scattering from states in one band to
states in the other and through Coulomb repulsion. This small interaction provides the richness

and subtlety to the superconducting properties of MgB..
1.7 Synthesis of MgB:

MgB:2 superconductor is usually prepared in bulk, wire, tape, thin film and single crystal
forms. Mainly two approaches are used for the preparation of MgB.. In ex-situ approach pre-
reacted MgB> power is used for the preparation of the conductor. Ex-situ method gives better
homogeneity, density and phase purity compared to in-situ method. Ex-situ requires higher
sintering temperatures and longer sintering duration to get good quality conductors. Since the
powder is already reacted doping of impurities is not easy in ex-situ approach. In in-situ
method, a stoichiometric mixture of Mg and B powders/sources is used. In-situ requires only a
lower sintering temperature and duration and is suitable for chemical doping. The density of
MgB: prepared using in-situ approach is very low (usually only 50 % of theoretical density).
Volatile Mg loss and the possibility of Mg and/or B reacting with sheath materials are high in
in-situ approach [96-102].

1.7.1 Bulk samples

MgB: in bulk form is very useful and convenient in studying its basic physical and
electrical properties. Though both ex-situ and in-situ approaches could be used for preparing
bulk samples, in-situ is generally preferred for research purposes. Several synthesis procedures
for in-situ bulk preparation are reported [103-108]. Mg in powder/flakes/chips and B
(amorphous or crystalline) in powder form are the starting materials. Instead of elemental Mg,
compounds containing Mg are also sometimes used as starting materials. The starting materials
are taken in the desired stoichiometry and enclosed in a metal/quartz tube/foils/ampules and
heat treated at 600-900 °C for 15 min-5 hrs. Heat treatment is preferably done in an inert
atmosphere. This is to avoid the oxidation of Mg. Mg is highly volatile and to compensate the
potential loss of Mg during heat treatment, sometimes excess Mg is used in the starting powder.
Mechanical alloying/ high energy ball milling are found to accelerate MgB: phase formation

at lower temperatures and improve the superconducting properties [105-108].

High energy ball milling is particularly useful when mixing large quantities of powder.
Ball milling can be used to reduce the particle size in MgB.. Smaller grains provide more grain

boundaries which are very good flux pinners and thus suitable for improving high field
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performance of the conductor. It should be noted that the quality of the ball milled samples
depends on the nature and size of the bowl and balls, powder to ball ratio, speed and milling
duration and milling medium [106, 108]. The precursor can get contaminated by bowl, balls
and milling media. Agglomeration of particles is another drawback; this could severely dent

the advantages of chemical doping in MgB..

To improve the density of bulk samples prepared using in-situ technique high pressure
sintering (HPS) [109, 110], hot isostatic pressing (HIP) [111], and two stage sintering are tried
[112]. In HPS and HIP pressure (0.5-5 GPa) is applied to the sample during heat treatment to
reduce porosity and cracks and improve density. Extremely high dense samples were prepared
using these methods. The technique is mainly suitable for bulk samples but tried to make short
wire/tape samples also. EDISON SpA of Italy developed a liquid Mg infiltration technique for
producing bulk samples of different shape and high density. In this method, Mg in liquid form
is reacted with B powder in a closed metallic container [113].

1.7.2 Wire/Tape samples

Some of the techniques used for the fabrication of LTS and HTS wires/tapes were
successfully applied to MgB: soon after the discovery of superconductivity in it. Over 50 years
of conductor fabrication experience in superconductors propelled the development of MgB:

wires/tapes at a brisk pace.

Diffusion method: The first MgB. wire made was using diffusion method [86]. By diffusing Mg
into commercially available B fibres they could be converted into superconducting MgB2
wires. The phase homogeneity of wires prepared using diffusion method is poor and it is mostly
suitable for short samples. A modified version of the diffusion method was developed by
Giunchi et al known as Internal-Mg-Diffusion (IMD) or Mg-Reactive Liquid Infiltration (Mg-
RLI) process [114, 115]. In this process a boron filled tube with Mg rod embedded axially in
it is cold worked and then heat treated. Mg gets diffused into B and a layered core is formed.
The original IMD method proposed by Giunchi was bettered by Hur et al [116] and Togano et

al [117] and the Jc values shown by samples prepared by this method are very encouraging.

Coating technique: The method is widely used for the manufacture of high Tc second generation
superconducting wires of YBCO. Excellent properties shown by hybrid physical-chemical
vapour deposited (HPCVD) thin films encouraged researchers to make MgB. coated
conductors using HPCVD method. Ferrando et al [118] coated MgB: on SiC fibres. Sputtering

and Molten Salts Electroplating are tried to coat MgB2 on various substrates [119, 120].
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Though ceramic substrates are widely used, some metal substrates gave better chemical
stability, plasticity and heat conductance. SS, Fe, Cu and Nb are some of the metallic substrates
used for coated conductor development [120-123]. Scaling up of this technique for commercial

production of MgB2 conductors is not easy.

Powder-In-Tube (PIT) method: PIT technique was well known for making good quality
conductors of BSCCO. In the case of MgB: also PIT is the most popular conductor fabrication
technique [124-129]. In PIT, precursor powder is filled in a metal tube/sheath, mechanically
compacted and rolled/drawn/extruded into desired size and shape. This is followed by heat
treatment. Sometimes intermediate annealing is provided to relieve the stress developed during
rolling or drawing [130]. The chosen sheath material must be chemically compatible with
Mg/B/MgB:, should provide adequate mechanical support to the brittle superconducting core
and should be ductile enough to be cold worked. For making multifilamentary conductors,
Wire-In-Tube (WIT) method is employed. In WIT, monofilamentary wires are bundled along
with some thermal stabilizers such as Cu wires in a suitable tube and then rolled or drawn [131-
134]. Multifilamentary conductors can withstand higher uniaxial and bend strains and have

better thermal stability than monofilamentary conductors [134-138].
1.7.3 Thin films

Superconducting thin films find important applications in Josephson Junctions and
Superconducting Quantum Interference Devices (SQUID). The high volatility and oxygen
affinity of Mg and the large difference in the vapour pressures of Mg and B are the major
challenges to the development of MgB: thin films. Pulsed laser deposition is a common method
used for MgB: thin film development. A one step (in-situ) and a two step (ex-situ) preparation
techniques are popularly adopted. In ex-situ, amorphous boron is deposited on a substrate and
then it is heated in a Mg rich vapour. Ex-situ approach gives films with better superconducting
properties but not suitable for preparing multi-layer films [139, 140]. In-situ method produces
films with a smoother surface. Zeng et al reported MgB: thin films prepared using HPCVD
[141].

1.7.4 Single crystal

Single crystals of MgB: are of particular interest to the research community to explore
the intrinsic, especially anisotropic properties of this superconductor. Two different approaches
are developed to grow sub-millimetre MgB: single crystals; growth by encapsulation and high

pressure method. High Mg vapour pressure, formation of MgO, reactivity of Mg in vapour and
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melt phases with containers and flux materials, low solubility of MgB2 in Mg are some of the

challenges faced in the preparation of good quality single crystals of MgB2 [142, 143].
1.8 The challenges

For commercial applications, MgB> must be produced in long multifilamentary
conductors with good Je, Tc and Hc, values. Thermal stability and uniformity of properties over
the whole length are important. Wires should be able to maintain adequate fraction of critical
current density when subjected to uniaxial and bend strains. The cost/performance ratio should
be low to compete with the well-established Nb based superconductors. Some of the challenges

in achieving these goals are described below.
1.8.1 Problems regarding fabrication

Mg is highly volatile and has a strong affinity towards oxygen. This can seriously affect
the phase purity and homogeneity of the conductor. Mg loss can result in non-stoichiometry
and lead to the formation of higher borides. MgO and higher borides can adversely affect inter-
grain supercurrent transport [144, 145]. Adding excess Mg to compensate Mg loss and inert
atmosphere heat treatment are some of the ways to tackle this issue. The MgB> formed by
liquid-solid reaction is highly porous, limiting the active current carrying area. There is a
volume reduction when Mg and B react to give MgB: phase (Vmg + V28> Vmge2) [145]. The
density of in-situ prepared samples is usually only 50 % of the theoretical density. HIP and
Cold High Pressure Densification (CHPD) are some techniques to reduce porosity and improve
density of MgB: [146-150]. Mg reacts with most of the commonly used sheath materials. These
reacted secondary phases act as a barrier for current transfer from outer sheath to the inner
superconducting core. The highly resistive barrier will increase the current transfer length from
sheath to core and affect the thermal stability of the conductor [151]. By introducing a metallic
barrier material between sheath and core this problem can be solved but the commonly used

barrier materials, Nb and Ta are expensive.
1.8.2 Problems regarding property improvement

MgB: has high self-field Jc compared to Nb superconductors at low temperatures but
the Jc decreases drastically at higher fields due to insufficient flux pinning and low
irreversibility field. Since MgB: is a material with a simple crystal structure consisting of only
two elements, the density of defects produced during synthesis is too low to provide sufficient

flux pinning at higher fields. Grain boundaries are the only flux pinners in pure MgB2. While
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Nb superconductors have an Hirr close to He, (Hirr~ 0.8 X Hey), Hirr Of MgB:2 is only half of Hc.
(Hirr~ 0.5 x Hc). Insufficient current density at higher fields limits the temperature and field
range where MgB: could be superior to Nb3Sn. By introducing artificial pinning centres, field
performance of MgB: could be improved [145, 152, 153]. Though the Tc of MgB: is more than
double that of NbsSn, it is still much cooler than HTS cuprates. Substitution of B! for B
increased the Tc by 1 K [154], apart from this no other effort has enhanced the Tc significantly.
At the same time, chemical doping, application of pressure, irradiation with high energy
particles which are found to have a positive effect in enhancing Jc(H) have suppressed Tc to

various extent.
1.9 Improving Jc(H) and Hc2 of MgB2 through various methods

Although the attempts to improve the Tc of MgB> were not very successful, other
important properties, Jc(H) and Hc, could be improved through various methods. Jc(H) of
MgB: is closely associated with Hc, and flux pinning. Hc, is an intrinsic property which could
be tailored by turning the inter and intra band scattering rates [155, 156]. As mentioned earlier,
grain boundaries are good flux pinners in MgB.. By reducing the grain size density of grain
boundaries could be improved and this will improve the flux pinning. Lowering the synthesis
temperature, mechanical alloying, reducing the size of Mg/B powders etc. are tried to reduce
the grain size [106,157-161]. Irradiating MgB2 with high energy particles [protons, neutrons
and ions] introduce defects in the crystal structure. These defects act as good flux pinners and
scattering centers and improve Jc at higher fields [162-167]. The drawbacks of irradiation are

reduction in Tc and low field Jc and its non-suitability to produce long conductors.

Chemical addition/doping, like in LTS superconductors is the most effective method to
improve the flux pinning and thus Jc and Hc, in MgB>. Depending on the nature of the dopant,
it can cause substitution at Mg/B sites (causing lattice defects/disorders), form secondary
phases or remain as such in the MgB2 matrix. All these can act as flux pinning centres and
enhance the Hc, and Hi. and thereby improve the Jc of MgB.. A large number of
additives/dopants were introduced into MgB: to improve its field performance. An overview

of such efforts is given here.

Most of the metallic elements were not found to be good dopants to improve Jc of
MgB.. These metallic dopants reacted with Mg/B to form intermetallics, these could only
reduce the superconducting volume and grain connectivity. Some metals like Ti and Zr have

some positive effects on Jc [168, 169]. Ti is a good grain refiner which absorbs impurities at
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grain boundaries and improves grain connectivity. Carbon in various forms (nano carbon- n C,
nano diamond-n D, graphite, nanotubes) is highly successful in improving Jc at high fields
[170-176]. C is the only element which was found to substitute for B in MgB.2. C substitution
strongly alters the ¢ and © band scattering and enhances Jcand Hc,. Due to the smaller covalent
radius of C, its entry locally distorts the lattice. The lattice distortions and strains act as good
flux pinners. A typical C substituted tape has a Jc> 10* A/cm? at 10-12 T and 4.2 K [177, 178].
A carbon doped MgB: fibre showed Hc, of ~55 T at 1.5 K [118]. The main drawbacks of C
doping are significant reduction in Tc and high heat treatment temperatures required (due to

the low solubility of C).

The success of Dou et al in improving Jc and He, of MgB2 by doping n-SiC was, in
fact, a significant breakthrough in such efforts [179-181]. They reported that 10% SiC doping
has improved Jc by a factor of 32 at 5 K and 8 T. At 20 K and 2 T, Jcof the sample is 2.4 x 10°
Alcm?, which is comparable to the best Ag Bi-2223 tapes. Hc,> 33 T are reported for SiC doped
wire samples at 4.2 K [182]. Unlike n-C, SiC requires only a lower heat treatment temperature.
Excellent properties were achieved for samples sintered at temperatures as low as 600 °C [183].
Also, SiC doesn’t affect the Tc much. In MgB>, SiC decomposes and reacts with Mg to form
Mg2Si and the released C substitutes at B sites. Effect of C substitution for B was explained
earlier. Mg.Si particles dispersed in the MgB2 matrix act as good flux pinners. Hydrocarbons
are another class of excellent dopants. Sugar, malic acid, stearates, toluene, benzene, acetone,
paraffin etc. have given good results [150, 184-189]. Easy availability, low cost, low sintering
temperatures are some of the advantages of hydrocarbons. They could be coated on the B
powder using a suitable solvent, thus enabling better mixing of the dopant. The disadvantage
is the presence of oxygen which could increase the amount of MgO. Some silicides, borides,
hydrides, rare earth oxides are found to moderately improve flux pinning and Jc. Co-doping of
two or more dopants has been found to be very effective in improving the in-field properties
of MgB2 [190-192].

1.10 Applications of MgB:

The largest commercial market for superconducting wires is in magnetic resonance
imaging systems. For the desired image quality high field strength and homogeneity are
required. The suitability of a wire depends on the price performance ratio at a given temperature
and background field. The low density and low cost of raw materials are favourable factors to
reduce the production cost of MgB: below NbTi and NbsSn. If the engineering current density
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could be increased beyond that of Nb superconductors, MgB:2 could become the wire of choice
for MRI systems [193]. MgB: has a higher temperature margin compared to LTS which gives
the option of solid N2, conduction or liquid hydrogen cooling systems [194-196]. Persistent
MgB: joints, which are desirable in MRI systems should be developed first [197].

Together with other superconducting properties, the sharp transition from
superconducting to normal state makes MgB: an ideal candidate for resistive type fault current
limiters (FCL). A stabilized, twisted multifilamentary MgB2 conductor is a low AC loss
superconductor, making it suitable for operation in AC during normal condition. In 20-30 K
range, MgB> can compete with inductive FCL coils using YBCO. Superconducting
transformers have the advantage of reduced size and weight and lower losses compared to
conventional transformers. They could reduce the short circuit in the system and lower
transformer impedance. A 12.5 kVA MgB: superconducting transformer was designed and
tested by Hascicek et al [198]. Superconducting motors and generators can be power-dense,
lightweight, small, highly efficient and reliable. A stator winding using MgB: for
superconducting motor was tested by Kajikawa et al [199]. Hypertech has developed MgB:
rotor coils for a superconductor generator for NASA [137]. Potential high energy physics
applications of MgB.> are windings of undulator magnet installations and replacement of
wiggler magnets in accelerator applications. MgB: can also find applications in light source
bending magnets and solenoids for muon collider [200]. The low cost and high temperature
margin of MgB2 make it an attractive alternative for NbTi for magnetic separation systems. A
100 MJ superconducting magnetic energy storage (SMES) system using MgB2 has been
conceptualized by Atomura et al [201]. NASA is planning to have detectors operating well
below 1 K in some of its instruments in space. The temperature will be achieved through
adiabatic demagnetization refrigerators. Magnets made of NbTi, NbsSn and MgB; are
considered for various stages. This is a unique application which requires conductors of very
small diameter (0.075-0.20 mm), with an Ic in the range 3-30 A at 15 K and 3-4 T magnetic
fields [202].

1.11 Objectives of the present work

Superconductivity, a unique phenomenon of nature, is regarded as one of the greatest
scientific discoveries of the 20" century. At the dawn of the 21% century, we are only beginning
to exploit its full commercial potential. Among the practical superconductors, MgB> has

opened new avenues for basic and applied research. The material showcases a plethora of
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astonishing features. To exploit its full potential, MgB2 must be developed into long composite
conductors with good mechanical and superconducting properties. Critical current density is
one of the yardsticks of a superconductor’s suitability for many applications. We have
discussed some of the potential applications of MgB: in the previous section. The primary
factor in materializing many of these is the production of wires with the desired price

performance at the targeted field and temperature.

The aim of the present work is to develop MgB: wires with improved transport critical
current density at higher fields so as to make them suitable for application in cryogen free
magnets. To achieve this target, a three stage research plan was made. We have discussed
various efforts to improve the Jc(H) of MgB». Of these chemical doping is the most effective
and scalable technique. In the first stage, we propose to study the effects of chemical doping in
improving the in-field properties of MgB: in bulk form. In-situ, Powder-In-Sealed-Tube (PIST)
method will be adopted for the preparation of bulk samples. Effects of mono as well as co-
doping effects of n-SiO2 and nano diamond on the structural and superconducting properties
of MgB2 will be investigated in detail. An issue, which is limiting the effectiveness of chemical
doping in the normal methods of preparation, is the agglomeration of nano dopants. To address
this issue a novel synthesis route using Mg-Si alloy with uniformly distributed Mg.Si particles,

prepared using casting technique is proposed.

The second stage is the development of MgB. in mono and multifilamentary
geometries. Effects of heat treatment temperature and duration on the structural and
superconducting properties of undoped monofilamentary wires will be examined at this stage.
In MgB:2 conductors, sheath materials play an important role. A comparison of commonly used
sheath materials regarding their reactivity with the precursor powder, their influence on
superconducting properties, strain tolerance, mechanical workability, cost etc. also come under
the objectives of the second stage. In the third stage, the main objective is to translate the good
superconducting properties achieved in MgB2 bulk samples in wires and to achieve transport
critical current density values on par with the best results reported internationally through
chemical doping. Also, we plan to critically analyse the usefulness of Burned Rice Husk
(BRH), an indigenously developed dopant by our group as a cheaper alternative for n-SiC, the
best dopant reported so far in MgB..
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Chapter 2

Preparation and characterisation of MgB:

In this work, MgB2 was prepared in bulk and wire (mono and multifilamentary) forms
and various structural and superconducting characterisations were performed. This chapter

details the preparation techniques adopted and describes the characterisations done.
2.1 Preparation techniques

In the present study MgB. was prepared in bulk and wire forms. The In-situ method
was adopted for the preparation. Mg powder from ‘Good Fellow’ (-325 mesh, 99.8%) and
amorphous B powder from Merck (-325 mesh, 99 %) were the starting materials. [Details of
nano dopants, added to enhance the in-field properties and of sheath materials used are given
in the relevant sections]. The amount of Mg and B were selected so that the atomic ratio, Mg:B
= 1:2 (MgB: stoichiometry). The stoichiometric calculations of Mg and B powders are given

below.

Molecular weight of Mg
No. atoms in Mg molecule

_ (24.305

Stoichiometric weight of Mg =

x stoichiometry of Mg

x 1) grams
= 24.305 grams
Molecular weight of B

No. atoms in B molecule
_ (10.811
1

Stoichiometric weight of B =

x stoichiometry of B

x 2) grams

=21.622 grams

Amount of Mg required _ Stoichiometric weight of Mg o
to prepare X gram MgB, Stoichiometric weight of Mg + Stoichiometric weight of B
_ (24.305 « X | grams
45.927
Amount of B required _ Stoichiometric weight of B o
to prepare X gram MgB, Stoichiometric weight of Mg + Stoichiometric weight of B
= 21.622 x X | grams
45.927

Stoichiometrically weighed Mg and B powders were homogeneously mixed and ground

thoroughly using an agate mortar and pestle in air.
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2.1.1 MgB: in bulk form

Powder In Sealed Tube (PIST) method was used for the preparation of bulk samples
[1]. SS tubes of OD/ID = 10/8 mm were used as the sheath material. One end of the tube was
pressed using a hydraulic press and precursor powder was filled in it and mechanically
compacted. After filling the powder the other end was also press sealed and the powder filled
middle portion was also flattened by applying a pressure of about 1 GPa to obtain a dense bar
shaped sample. The ends were further welded electrically to ensure avoidance of both oxidation
of Mg and Mg vapour loss during heat treatment. A heat treatment temperature of 800 °C-900
°C for two hours was usually used for bulk samples. Samples were heat treated in a
programmable muffle furnace with ‘Eurotherm (model number 2404)’ temperature controller.
Samples were furnace cooled to room temperature after heat treatment. To recover the
superconductor, sheath was carefully ground and removed using an electric grinder. The
recovered MgB: bulk superconductor was powdered/fractured/shaped for various structural

and superconducting characterisations. Figure (2.1) schematically details PIST method.

S —
(i)
o
traetment
S— |
SS tube End pressing Mg + 2B filling  Open end Pressing of
OD/ID = 10/8 mm pressing powder filled
middle area and
\ end welding /

Fig (2.1) Schematic representation of PIST method.

2.1.2 MgB: in wire form

In this work Powder In Tube (PIT) method was adopted to make MgB:> wires [2, 3].

Homogeneously mixed Mg and B powder was filled in a metal tubes (Fe, Ni, Nb, SS and monel
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2. Preparation and characterisation of MgB2

were used in the present study) of suitable dimensions (OD/ID = 6/4 or 5/3 mm were mainly
used) and mechanically compacted. Ends of the tubes were plugged and sealed using Cu studs.
The powder filled tube was rolled down through a set of grooves in a groove roller to the
desired length and diameter. Figure (2.2) shows the groove rolling machine. The Cu filled area
was cut and removed and both ends were sealed using a capping technique [2]. For this ends
of the conductors were inserted into suitable iron tubes of short length and mechanically fixed
with the tube using a hydraulic press. The ends of the iron tubes were welded electrically and
samples were heat treated. Heat treatment temperatures from 600 °C to 850 °C and heat
treatment durations from 15 minutes to 5 hours were used for wire samples. As in the case of
bulk samples, a muffle furnace with Eurotherm temperature controller was used for heat

treating wire samples and these were then furnace cooled to room temperature.

Fig (2.2) (a) Groove rolling machine, (b) Wire rolling in progress.

For preparing multifilamentary wires, Wire In Tube (WIT) method was adopted. In this
method, unreacted monofilamentary wires were cut and bundled along with OFHC copper
wires (thermal stabilisers) of suitable diameters in a second metal tube and rolled down to
desired length and diameter. Heat treatment is similar to that of monofilamentary wires [2].
Figure (2.3 a) shows an Fe sheathed monofilamentary wire and (2.3 b) shows the cross sectional
view of a multifilamentary wire, with Fe barrier, Cu stabilisers and Ni outer sheath. Figure
(2.4) schematically represents PIT/WIT method. For various superconducting
characterisations, short wire samples were cut from the middle of the heat treated wires and for
structural characterisations, the superconductor core was retrieved by mechanically peeling off
the sheath. Figure (2.5) is a flowchart representing the preparation of MgB: in bulk and mono

and multifilamentary wire forms.
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Fig (2.3) (a) Fe sheathed MgB wire, (b) Cross section of multifilamentary wire.

Precursor Filling & Sealing Deformation
production

Mg+B — — (ﬂ{?ﬁ- 9
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Fig (2.4) PIT/WIT wire fabrication technique.

2.2 Structural characterisation

2.2.1 Powder X-ray diffraction analysis

X-ray diffraction (XRD) is an analytical technique used for phase identification and
information regarding unit cell dimensions of crystalline materials. An X-ray tube, a sample
holder and a detector are the basic components of an X-ray diffractometer. X-rays are generated
in a cathode ray tube. These X-rays are filtered to produce a monochromatic radiation,
collimated to concentrate and directed onto the sample. When conditions satisfy Bragg’s law
(2dsin® = nA), constructive interference of the radiation from successive planes occurs. Here A
is the wavelength of X-ray, 0 is the diffraction angle and d is the interplanar spacing and n is a
positive integer. The detector collects the diffracted rays and processes and converts it into a

count rate. The sample is scanned through a range of 20 angles to cover all
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2. Preparation and characterisation of MgB2

Homogeneously mixed Mg + 2B powder

| !

Filled and
compacted in one
end plugged metal

Filled and compacted in
one end sealed SS
tube

tube
Open end of the tube Open end sealed Bundled along with
press sealed using Cu plug Cu wires in metal

tube

| | I

Powder filled portion G lled
flattened foove roile Groove rolled

I

Multi-

Mono-
filamentary

Bulk MgB> , filamentary
wire wire
[ Ends welded J Ends capped [ Ends capped

Heat treatment

Fig (2.5) Flowchart for preparation of MgB, superconductor.
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possible diffraction directions. Each crystalline material has a unique set of d spacings and the
conversion of diffraction peaks to d spacing allows the identification of the material. This is

done by comparing the d values with standard reference patterns [4, 5].

In the present study XRD patterns of samples were taken using Panalytical X’pert Pro
(model number PW 3040/60) X-ray diffractometer with Cu Ka radiation (A = 1.540566 A)
employing a proprietary detector - X’celerator and a monochromator at the diffracted beam
side. The machine has 0-0 Bragg-Brentano geometry and its operation and data acquisition are
fully automated. The superconducting core was retrieved from bulk and wire samples and
finely powdered. The powder was filled in a standard sample holder or spread on top of a zero
background holder (when the quantity of the powder was low) to record the XRD patterns. In
this work, XRD patterns were recorded at room temperature and appropriate slits were used to
restrict the X-ray beam to the sample area. For general scans, X-ray tube voltage and current
were 40 KV and 30 mA. The samples were scanned from 20° to 85° 26 values with a step size
of ~ 0.02°. The average scan takes about 20 minutes while slow scans were performed in
special cases. XRD patterns were analysed for phase identification using X’Pert Highscore Plus
software loaded with ICDD-PDF-2 database. Semi-quantitative phase analyses were done
using the relation,

X peak intensities of phase X

Vol.% of phase X = (2.1).

X peak intensities of all phases

The d values of peaks were used for lattice parameter calculation. MgB> has hexagonal crystal
structure and it belongs to the space group p6/mmm. The lattice parameters and d values are

connected by the relation,

1 4(h?+hk+k?) | 12

az 3a? + c? (2.2).
Substituting the d and (hkl) values of selected peaks, ‘a’ and ‘c’ lattice parameters are
calculated. The full width at half maximum (FWHM) of XRD peaks depend on crystallite size
and lattice strain. FWHM of selected peaks were used for calculating lattice strain using

Williamson-Hall plots.
2.2.2 Microstructural analysis

Optical microscopy: In the present study an optical microscope was mainly used for examining
the cross sectional features like geometry, size, orientation and homogeneity of filaments in

wire samples. The presence of any reaction layer between sheath and superconducting core
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could be detected using an optical microscope. A stereo microscope (Leica, model EZ4 HD)
with a maximum magnification of 30x and an inbuilt 3 megapixel camera was used for these
purposes. Proprietary software (Leica LAS EZ) interfaced the camera to a computer which
enabled recording of images and various measurements like area and length of the samples.
Accurate measurements of the cross sectional area of the superconducting core and whole
sample are needed for estimating the critical current density and engineering current density
respectively. For optical microscopy, small samples (1-2 cm) were cut from long conductors,
polished and placed under the microscope in suitable holders.

Scanning electron microscopy: The scanning electron microscope (SEM) uses a focussed beam
of high energy electrons to derive information about external morphology, crystalline structure
and chemical composition of samples. In SEM, electron-sample interactions produce a variety
of signals including secondary electrons, back scattered electrons, diffracted back scattered
electrons, photons, visible light and heat. Secondary electrons and back scattered electrons are
used for creating images. Secondary electrons are useful for showing morphology and
topography of samples and back scattered electrons are useful for illustrating contrasts in
multiphase samples. SEM is a non-destructive analysis and the same samples can be analysed
repeatedly. Areas ranging from approximately 1 cm to 5 microns could be imaged using a
conventional SEM. Magnifications from 20x to 30,000 and spatial resolution from 50 to 100
nm are possible. Essential components of an SEM are electron source (Gun), electron lenses,

sample stage, detectors and data output devices [6, 7].

The wavelength of visible light limits the resolution of an optical microscope and
therefore finer details like grain size, orientation, characteristics of grain boundaries, porosity
in the matrix etc. could not be studied using an optical microscope. The higher resolution,
magnification and greater depth of focus of an SEM come in handy in such situations. In the
present study a JEOL JSM 5600 LV scanning electron microscope was used in Secondary
Electron Imaging (SEI) mode. Fractured bulk samples, as well as polished cross sections of
wire samples, were mounted on a metal base using adhesive carbon tape. No gold coating was

used for MgB2 samples because of its fairly good conductivity even in normal state.

Transmission electron microscopy: A Transmission Electron Microscope (TEM) is similar to a
light microscope but instead of light it uses electrons. The much lower wavelength of electrons
makes it possible to get a resolution a thousand times better than with a light microscope. TEM
facilitates to see objects to the order of a few angstrom. In TEM, electromagnetic lenses focus
electrons to a very thin beam. The electron beam passes through the material we want to study.
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Depending on the density of the material some electrons are scattered and lost from the beam.
The unscattered electrons hit a fluorescent screen at the bottom of the microscope and form a
‘shadow image’ of the sample. Depending on the density of different parts of the sample they
will be displayed in varied darkness [8, 9].

TEM offers even higher magnification and resolution than SEM. In this work TEM
analysis was used for information regarding inter and intra grain features and sub-micron and
nano sized inclusions in them. The instrument used was HRTEM FEI-Tecnai G? 30S- Twin
300 KV. For TEM analysis MgB: superconductor was finely powdered and sonicated in
acetone to remove agglomeration. Immediately after sonication, the solution was dropped on
carbon and polymeric film coated copper grids and kept for 24 hours to evaporate the solvent

before analysis.
2.3 Superconducting characterisation

To assess the quality of the samples, superconducting parameters like, critical
temperature (Tc), self-field critical current density (Jc), in-field critical current density (Jc(H))
and irreversibility field (Hirr) were estimated using both transport and magnetic measurements.
Wire samples were used for transport measurements and bulk samples for magnetic
measurements. A closed cycle cryocooler, integrated with a cryostat was mainly used for self-
field transport measurements. It is a two stage Gifford-McMahan cooler manufactured by
Sumitomo Heavy Industries Ltd. Compressor unit model is CSW-71D and cold head model,
SRDK-408. Figure (2.6) shows the schematic diagram of the cryocooler integrated cryostat.
Temperature as low as 7 K can be achieved at the second stage by operating the system for
about 1 h. Avoidance of a liquid cryogen makes the operation of a cryocooler easy and less

costly.

For in-field transport measurements, a liquid helium based 8T magnet system
manufactured by American Magnetics Inc. (AMI, model A8030-3) was employed. Figure (2.7)
shows the schematic diagram and photograph of the magnet system. The superconducting
magnet, variable temperature insert (VTI) with helium vapour cooled current leads and liquid
helium dewar are seen in the photograph. The magnet is immersed in LHe and the sample is
cooled using He vapour. Since this is a liquid He based system, its operation is more
complicated than the cryocooler. The high cost and scarcity of LHe are some other issues to be
taken care of. Magnetic measurements were done using a Vibrating Sample Magnetometer
(VSM) based Physical Property Measurement System (PPMS) [PPMS DynaCool, Quantum
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Design, USA] at NIIST. Some samples were measured at RRCAT Indore and JNCASR
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2.3.1 Transport Measurements

For self-field transport measurements, short wire samples of ~ 6 cm length were
properly anchored to the second stage of the cryocooler using a homemade sample holder.
Temperatures of the sample at the first and second stages of the cryocooler were monitored and
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controlled using Lakeshore (L332/L340) temperature controllers. Silicon diode based
temperature sensors (Lakeshore DT-670A-SD) were installed near the sample and at both

stages of the cryocooler. A heater coil was installed at the second stage of the cryocooler and
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Fig (2.7) 8T magnet system.

connected to the temperature controller. For transport measurements, four probe resistivity
method was used. High quality, insulated copper wires were used as the current and voltage
leads. These leads were directly soldered to the outer sheath of the sample using ortho
phosphoric acid as flux after cleaning the surface.

R-T measurement: Resistance versus temperature plots were recorded to determine the Tc of
the samples. A constant current of 10 mA is passed through the sample (using Keithley 6220
current source) and the voltage developed across the sample is measured using a nanovoltmeter
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2. Preparation and characterisation of MgB2

(Keithley 2182A). This is repeated at regular intervals. The temperature of the sample is also
recorded simultaneously. Sample is slowly cooled from room temperature. The temperature at
which the resistance falls sharply is taken as the Tc. The difference in temperatures
corresponding to 90 % and 10 % of the normal state resistance (Tcoo — Tc10) is defined as the

transition width, ATc.

I-V measurement: To determine critical current density, current versus voltage plots were
recorded. For self-field Jc estimation, measurement was done using the cryocooler integrated
cryostat. First temperature of the sample is fixed at a desirable value below Tc. A current is
passed through the sample for a short duration and the voltage developed across the sample is
measured using a nanovoltmeter (Keithley 2182A). Current is gradually ramped up and the
corresponding voltages are recorded. The current which produces a voltage of 1uV/cm across
the sample is taken as the critical current, Ic. Jc is calculated by dividing Ic by the cross sectional
area of the superconductor. For 1-V measurements constant current sources (APLAB 9711P,
30 V and 100 A/ Sorensen —DHP 5 1000 M1M9D, 5 V and 1000 A) with ratings from 100 A
to 1000 A were used.

In-field transport measurements were done in the AMI magnet system. It has a 75 mm
bore and provisions to do four probe resistivity measurements of wire samples. A sample of
length ~ 2 cm is rigidly anchored between the high current leads (these are superconductor
leads embedded in thick copper bars) of the system and inserted into the uniform magnet field
zone through the top of the dewar such that the wire sample is oriented perpendicular to the
axial field of the magnet. Maximum field achievable in this system is 8T. Mainly I-V
characteristics of wire samples are done in the magnet system. First, the field is set to the
desired value and then I-V plots are recorded in the same way as with the cryocooler based
system. By adjusting the helium vapour flow to the sample and by a heater in the vicinity of
the sample, temperature of the sample could be varied. Cernox sensors (Lakeshore CX-1030-
BG) are used in the magnet system for monitoring the temperature. All the R-T and I-V
measurements are automated with self-coded programs in ‘LabVIEW’. The electronic
instruments are interfaced to the PC through GPIB cables. A schematic representation of

transport measurement of MgB2 wire sample is shown in figure (2.8).
2.3.2 Magnetic measurements

For magnetic measurements, bulk MgB. samples were shaped into parallelepipeds of

size: 3x 3 x 1.5mmor 2.5 x 25 x 1.5 mm and the magnetisation in the sample was recorded
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by varying the temperature (M-T) and by varying the applied field (M-H). M-T plots were
recorded in zero field cooling condition at 100 Oe. Transition temperature and transition width
were determined from M-T plots. The temperature at which magnetisation begins to fall is
taken as T and the difference in temperatures corresponding to 90 % and 10 % of the maximum

Cryo cooler/ 8T Magnet System Temperature controller
\

¢ | : -

¥ MgB, wire L— 1

I

 —

Nano|Voltmeter Current{Source

w
o
VS 4

Labview Interfaced Computer

Fig (2.8) Transport measurement of MgB, wire sample.

shielding signal is taken as ATc. From M-H plot, critical current density of the sample is

estimated using Bean critical state model [10]

20x AM (2.3)
a[l— a
3b

where AM (in emu/cm?) is the width of the M-H loop, a and b (in cm) are dimensions (a < b)

JC(H):

perpendicular to the field for a parallelepiped shaped sample. M-H hysteresis loops were
measured at 5 K (for some samples at 15 K also) from 0-8 T. Irreversibility field, Hir of the

sample is estimated as the field at which Jc falls below 100 A/cm?.
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Chapter 3

Improving the in-field critical current density of MgB: in

bulk form through chemical doping

Magnesium diboride had been known and commercially available since the 1950s [1]
and the discovery of superconductivity at 39 K in it came as a surprise [2], since intermetallic
compounds had been explored for superconductivity for a long time. MgB: is a promising
superconductor with a simple crystal structure, low anisotropy, large coherence length, ‘weak
— link’ free grain boundaries [3] and two superconducting gaps, a phenomenon never before
seen experimentally [4]. As far as critical temperature (T¢) is concerned MgB: holds a clear
edge over any of the low temperature superconductors (LTS) and is suitable for operation in
20-30 K. Long multifilamentary wires of MgB, with good current carrying capabilities have

been successfully prepared by Powder In Tube (PIT) technique by several groups [5-8]; but

still MgB, is a long way from replacing Nb based superconductors in commercial

superconducting magnets. Further developments are needed to deploy MgB in high magnetic

field applications where classical superconductors are playing a key role for decades.

The main disadvantage of MgB: is its drastically decreasing critical current density (Jc)
in an applied magnetic field due to the inherent weak flux pinning. Most of the research in
MgB: is concentrated on improving the in-field critical current density, Jc(H). In-field critical
current density depends on pinning force, ‘Fp = Jc B’ that prevents the movement of flux
vortices. By introducing defects in the superconductor matrix pinning force can be improved.
These defects should be homogeneously distributed in the matrix with its size comparable to
the coherence length and spacing matching that of the vortex. Of the various methods tried so
far chemical doping is the most effective method to improve flux pinning in MgB; [9-17].
Depending on the nature of the dopants, chemical doping may cause substitution at Mg and/or
B sites, by a third atom. Another possibility is the inclusion of nano particles, either a reacted
secondary phase or the additive itself, in the superconductor matrix. Thus doping modifies the
crystalline and microstructural properties of the superconductor and introduces additional
pinning centers in the form of lattice defects. This improves the upper critical field (Hc,) and
irreversibility field (Hirr) of MgB2 and hence enhances the in-field Jc. The variety of dopants

tried so far include nano and submicron particles of metallic elements, carbon in its various
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forms, carbides, silicides, nitrides, borides, oxides, hydrocarbons etc. [9, 12, 13, 18-33]. Dou
et al classified dopants used with MgB: into four categories and the best dopants are those
which cause carbon substitution at boron sites and form some reacted secondary phases in the
MgB; matrix [9]. Among this category nano SiC is well accepted as one of the best dopants
which form nano size Mg>Si particles within the MgB. grains and enable C substitution at B
sites. Unlike other dopants, it does not affect the Tc appreciably and enhances Hc, and Jc(H).
SiC added to the (Mg + B) system dissociates and reacts with Mg to form Mg.Si and causes
considerable C substitution at B sites at relatively lower temperatures (600 — 700 °C) [12, 28-
30].

In the present chapter, results of chemical doping to improve the in-field critical current
density of MgB: are presented. In the first section of this chapter effects of nano diamond (n
D) and nano SiO2 (n SiO2) on the structural and superconducting properties of MgB. are
discussed [17]. A novel technique to tackle the agglomeration of Mg»Si dopant in MgB: is
discussed in the second section [34].

3.1 Combined addition of nano diamond and nano SiO2, an effective
method to improve the in-field critical current density of MgB:
superconductor

This work is motivated by the success of SiC and some alternative sources of Si and C,
like burned rice husk in improving the superconducting properties of MgB2 [12, 28-32]. In this
work we compare the mono as well as codoping effects of nano SiO2 and nano diamond on the
structural and superconducting properties of MgB2. Here diamond is used as the C source and
SiO is used for incorporating secondary phases like Mg.Si in the MgB: lattice. Such a
combination is selected because C substitution at B sites and nano particle inclusions in the

superconductor matrix always used to give better superconducting properties [9, 33].
3.1.1 Preparation and characterisation

The samples, MgB2-,Cy + x wt % of nano SiO2 (where x=0,5and y =0, 0.1, 0.2), were
prepared by in-situ Powder In Sealed Tube (PIST) method, using Mg (-325 mesh, 99.8 %),
amorphous B (-325 mesh, 99 %), nano diamond (< 10 nm, 95 +%) and nano SiO2 (10 nm, 99.5
%) as starting powders. These compositions were chosen based on our initial studies.
Stoichiometric weights of the powders were homogeneously mixed and ground thoroughly
using an agate mortar and pestle and packed in stainless steel tubes of OD/ID = 10/8 mm. Both
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3. Improving the in-field critical current density...

ends of the tubes were press-sealed using a hydraulic press followed by electrical welding. This
end sealing avoids both oxidation of Mg and Mg vapour loss during heat treatment. The powder
filled middle area of the sample was also pressed to get a dense core. The samples were then
heat treated in air at 800 °C for 2 hours in a muffle furnace at a ramp rate of 2 °C per minute

and furnace cooled. The sample details and sample names are given in table (3.1).

The structural and phase analysis of the samples were performed using an X-ray
diffractometer (Panalytical X’pert Pro) with Cu K, radiation employing a high resolution
detector namely, X’ Celerator and a monochromator at the diffracted beam side. Phase
identification was done using X’ Pert Highscore Plus software in support with ICDD-PDF-2
database. A scanning electron microscope (SEM — JEOL JSM 5600 LV) and a high resolution
transmission electron microscope (HRTEM FEI — Tecnai G2 30 S — Twin 300 kV) were used
for examining the microstructure. DC magnetization measurements were carried using a
vibrating sample magnetometer in a physical property measuring system (PPMS, Quantum

Design, USA) on rectangular shaped samples of size 3 x 3 x 1.5 mm,
3.1.2 Results and Discussion

As evident from the powder XRD patterns of the samples shown in figure (3.1), MgB2
is the main phase in all samples. Apart from MgB>, Mg and MgO are the other phases

commonly present in all samples. Peak intensities of these phases vary significantly depending

Table 3.1 Semi-quantitative phase analysis of different phases and strain in undoped and doped samples

Volume % of Strain
Sample Name X y
MgB: Mg Mg.Si MgO (%)

MBSD 00 0 0 95.3 3.0 0 1.7 0.78
MBSD 50 5 0 84.9 0.9 10.9 3.3 0.51
MBSD 01 0 0.1 89.0 8.7 0 2.3 1.45
MBSD 02 0 0.2 80.6 16.8 0 2.6 1.37
MBSD 51 5 0.1 82.5 0.9 134 3.2 1.19
MBSD 52 5 0.2 78.7 1.1 16.0 4.2 1.15
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on the nature and quantity of dopants present in the samples. Samples added with SiO2 show
the presence of Mg.Si. No peaks of SiO, or any other secondary phases are observed in the
samples. A semi-quantitative phase analysis of different phases formed is done using the
relation,

X peak intensities of phase X
X peak intensities of all phases

Vol.% of phase X =

and are tabulated in table (3.1). As expected the undoped sample has the highest MgB2 volume
fraction and it decreases as the doping level increases. SiO2 doped samples show a higher
volume percentage of MgO compared to the undoped one. The entrapped air in the precursor

and the added SiO: act as the oxygen sources in these samples.

From the XRD patterns it is observed that (100) and (110) peaks of doped samples are
slightly shifted towards higher angles and it indicates a decrease in in-plane lattice constant ‘a’.
But the (002) peaks maintained the same positions in both doped and undoped samples. These
observations were confirmed by the calculation of ‘a’ and ‘¢’ lattice parameters and are shown

(101

Peaks of MgB, are indexed
!Mg % Mg,Si

MBSD 52
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MBSD 02

MBSD 01
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Fig (3.1) Powder XRD patterns of pure, n D and n SiO, doped samples.
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Fig (3.2) Variation in lattice parameters caused by n D and n SiO; doping.

in figure (3.2). The SiO2 doped sample shows a slight decrease in ‘a’ value compared to the
undoped one, whereas the diamond doped samples exhibit significant reduction. The codoped
samples show still lower ‘a’ values and the sample MBSD 52 shows the lowest. The slight
decrease in ‘a’ in mono SiO2 added sample is due to lattice distortions caused by the inclusion
of reacted nano particles (Mg2Si) in the MgB. matrix and in diamond added samples the
decrease in ‘a’ value is mainly due to C substitution at B sites. When carbon is added to MgB>
system having a hexagonal structure with B atoms forming a graphite like honeycomb network
and Mg atoms occupying the pores of these hexagons, C atoms replace some of the B atoms
[35, 36]. This leads to the contraction of in-plane lattice since the covalent radius of C is lower
than that of B.

The Full Width at Half Maximum (FWHM) of selected peaks are shown in figure (3.3).
There is no significant variation in FWHM values of (002) peaks due to doping whereas (100)
and (110) peaks show consistent variation. The SiO» addition slightly reduces the FWHM
values but diamond causes considerable broadening of (hkO) peaks and the sample MBSD 02
shows the maximum peak broadening. Due to the opposing effects of SiO2 and diamond, the
codoped samples show slightly reduced FWHM values compared to the corresponding

diamond doped samples. Broadening of peaks points to reduced crystallite size and increased
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lattice strain. Again the carbon substitution at boron sites and nano particle inclusions are
responsible for this. Figure (3.4) shows the Williamson — Hall plots of the (hk0) peaks, wherein
the slopes of the plots represent the lattice strain and the values are tabulated in table (3.1). All
the doped samples, except solo SiO» added one, show higher strain values compared to the pure

sample.

From the analysis of powder XRD patterns of the samples it is clear that addition of
SiO; and diamond to MgB> system causes distinct changes to the crystalline properties of
undoped sample. So it will be interesting to have a look into the microstructure of doped and
undoped samples. SEM images of the fractured surfaces of the samples are shown in figure
(3.5). The pure (MBSD 00) and solo SiO> (MBSD 50) added samples show identical
microstructures with randomly oriented but well defined hexagonal grains. The solo diamond
doped samples (MBSD 01 and MBSD 02) exhibit a unique microstructure, with partially
molten hexagonal grains. The effect is more visible in the diamond rich sample. In the codoped
samples (MBSD 51 and MBSD 52) the grains are too small and tightly packed and therefore
they are not individually distinguishable under the same magnification used for other samples.
The smaller grain size will increase the density of grain boundaries in these samples which will
improve flux pinning and thus Jc at higher fields. Figure (3.6) shows the TEM image of sample
MBSD 51, in which nanometer sized intragrain inclusions are clearly visible, with small
clusters of these nano particles at some regions. The size of these nano particles is of the order

of coherence length of cooper pairs in MgB2 and hence they can act as strong flux pinners.

Now moving on to the superconducting properties, figure (3.7) shows the Zero Field
Cooled (ZFC) magnetization curves for the samples at 100 Oe. Tc and ATc (defined as the
difference in temperatures corresponding to 10 % and 90 % of the maximum shielding signal)
are tabulated in table (3.2). The pure sample has the highest T¢ of 38.4 K which comes down
slightly to 38.2 K with SiO» addition. This is due to the inclusion of secondary phases in the
MgB: matrix. Diamond doped samples show still lower T¢ (36.8 K for MBSD 01 and 36.3 K
for MBSD 02) values. C substitution at B sites reduces the hole concentration and causes
changes in the phonon modes. The reduced density of states and weakened electron - phonon
coupling are the reasons for Tc reduction in C doped samples [37]. The codoped samples
MBSD 51 and MBSD 52 show T of 36.3 K and 35.6 K respectively. Diamond doped samples
show a ATc in the range 2.3 - 2.4 K and it is 1.0 K for undoped and solo SiO2 doped samples.
The results show that carbon substitution has a stronger effect on Tc and AT than the secondary

phases present in the superconductor matrix.
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Table 3.2 Superconducting properties of pure and doped samples
Jeat5 K
Hirr (T)
Sample Te (K) ATc (K) (x 10% Alcm?)
3T 8T 5K 15K
MBSD 00 38.4 1.0 40.8 0.2 8.4 6.0
MBSD 50 38.2 1.0 64.1 0.9 10.4 7.1
MBSD 01 36.8 2.4 33.3 1.3 11.6 6.6
MBSD 02 36.3 2.4 275 1.6 12.5 6.7
MBSD 51 36.3 2.3 28.1 2.1 13.6 7.6
MBSD 52 35.6 2.4 20.9 1.7 13.1 7.5
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The field dependence of Jc at 5 K calculated from isothermal magnetic hysteresis loops
is shown in figure (3.8). Thermo magnetic flux jumps distort the shape of the curves at lower
fields. The origin of flux jumps in MgB: has been discussed in detail by Romero-Salazar et al
[38, 39]. Jc(H) calculation is done based on Bean critical state model using the formula
J.(H) = 20xAM  where AM (in emu/cm?) is the width of the M-H loop, ‘a’ and ‘b’ (in cm)

o(-5)
are dimensions (a < b) perpendicular to the field for a parallelepiped shaped sample [40]. At
lower fields estimation of Jc is not accurate due to flux jumps but the general trend is that the
undoped and the SiO» doped samples perform better in this region with the latter showing a
slightly better Jc than the former. As the field increases Jc of the pure sample drops drastically
compared to the doped samples. The codoped samples and the diamond doped samples perform
consistently better throughout the entire field of study, with the sample MBSD 51 showing the
best Jc of 2.17 x 10 A/cm? at 5 K and 8 T. Among the diamond doped samples MBSD 02 has
the best Jc of 1.65 x 10% A/cm?. The critical current density of the samples at 5 K and selected

fields are listed in table (3.2). When the temperature is increased to 15 K the trend remains the
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same, with the SiO, added sample and the undoped sample giving the best results in low fields

and the codoped samples performing well in high field regions (figure 3.9).
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Fig (3.9) Jc vs. H plots of the samples at 15 K.

The reason for the improved Jc performance of doped samples at higher fields is their
enhanced flux pinning capabilities due to the lattice defects caused by C substitution at B sites
and the nano particle inclusions of reacted secondary phases, both of which act as strong flux
pinners. The irreversibility fields (Hirr) of the samples are determined by linearly extrapolating
the high field segments of the Kramer curves and are tabulated in table (3.2). The doped
samples show better Hirr values with the codoped sample MBSD 51 topping the list with 13.6
Tat5K.

3.1.3 Conclusion

The effects of mono, as well as codoping of nano SiO2 and nano diamond on the
structural and superconducting properties of MgB., were studied. Both dopants imparted
significant modifications in the crystalline and microstructural properties of undoped sample.
The in-plane lattice constant ‘a’ and FWHM of (hk0) peaks showed systematic variations with
the level of doping. The ‘a’ values showed a significant reduction for mono diamond doped
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and codoped samples. Similarly (hk0) peaks showed noticeable broadening, especially for
diamond added samples. These structural variations are due to the C substitution at B sites and
lattice distortions caused by the inclusions of nano particles of reacted secondary phases in the
MgB: matrix. The SEM and TEM images of the samples supported these conclusions. The T¢
was slightly reduced by the diamond addition due to the reduced crystallinity. Jc of the pure
sample dropped rapidly in applied magnetic fields but the performance of doped samples was
consistently better in the high field regions. At higher fields the best codoped sample showed
aJcof 2.17 x 103 A/lcm? (5 K, 8 T) which is more than one order higher than that of the undoped
sample. The increased flux pinning capability provided by different kinds of pinning centers

due to the different additives is responsible for the enhanced in-field Jc of the doped samples.

3.2 Tackling the agglomeration of MgSi dopant in MgB: superconductor
using cast Mg-Si alloy

A major issue which limits the benefits of chemical doping is the agglomeration of
added nano particles. Usually, the dopant is mixed with Mg and B powders in an agate mortar
and pestle or by ball milling and it is very difficult to ensure their homogeneous distribution in
the matrix. This work presents a novel technique to resolve the agglomeration issue by using
‘Mg-Si’ cast alloy as one of our starting powders instead of Mg for the preparation of doped
MgB; superconductor. Undoped and SiC doped MgB: samples were also prepared by the usual

method for comparison.
3.2.1 Preparation and characterisation

Magnesium ingot (99.8 %) and silicon crystals (99.99 %) were used to prepare Mg-Si
alloy. Mg + Si (6 wt %) mixture was melted at 740 °C for 20 minutes in a low carbon steel
crucible using a resistance heated furnace under protective flux atmosphere. The mixture was
stirred well and the melt was poured into a preheated (350 °C) rectangular steel mould to
prepare Mg-Si alloy casting. This method ensures a uniform distribution of MgSi particles in
the Mg matrix since at the processing temperature Si will react with Mg to form Mg,Si phase.
Our starting Mg-Si powder was prepared by grinding and sieving the cast ingot. Mg-Si alloy
(-325 mesh) and amorphous B (-325 mesh, 99 %) were stoichiometrically weighed to prepare
doped MgB>. Nano carbon (< 50 nm, 99+ %) was added in different weight percentage to the

mix. Table (3.3) details the composition of the samples and sample codes. PIST technique was
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3. Improving the in-field critical current density...

followed for the preparation of bulk samples. For the preparation of undoped and SiC doped
samples Mg powder (-325 mesh, 99.8 %) was used. The powders were mixed and ground
thoroughly using an agate mortar and pestle and packed in stainless steel tubes of OD/ID =
10/8 mm. The ends of the tubes were press sealed using a hydraulic press and welded. The
powder filled middle area was also pressed to densify the core. Samples were heat treated at
850 ©C for 2 hours in a muffle furnace at a ramp rate of 2 °C/minute and furnace cooled. The

phase and structural analyses of the samples were done using an X-ray diffractometer
(Panalytical) with Cu K, radiation employing an X’ Celerator and a monochromator at the

diffracted beam side. X’ Pert Highscore Plus software in support with ICDD-PDF-2 data base
was used for phase identification. A scanning electron microscope and a high resolution
transmission electron microscope were employed for examining the microstructure. DC
magnetisation measurements of the samples were done in a vibrating sample magnetometer in
a physical property measuring system (PPMS, Quantum Design) on rectangular shaped
samples of size 2.5 x 2.5 x 1.5 mm.

3.2.2 Results and discussion

XRD pattern of the home made Mg-Si alloy powder (figure 3.10) shows peaks of Mg
and Mg.Si. A semi-quantitative phase analysis of the alloy is done and it shows that nearly 86
vol. % of the casting is Mg and the remaining is Mg,Si. No peak of Si or any other impurity
phase is observed. Powder XRD patterns of the MgB2 samples (both pure and those containing
Si and n C) are shown in figure (3.11). MgB; is the main phase in all samples. Minor quantities
of MgO are found in samples. Mg,Si peaks are observed in all samples except the one which

was made of pure Mg. A semi-quantitative phase analysis of different phases formed is done
and the results are tabulated in table (3.3). In the undoped sample, MSBC 00, more than 99

vol. % constitutes MgB, phase. Rest of the samples contain almost 90 vol. % MgB; and the
remaining volume is Mg.Si. A small quantity, nearly 1 % of the total volume is MgO in samples
MSBC 00, MSBC 61 and MSBC 62. Mg2Si phase in the samples is expected to be uniformly

distributed in the matrix because of the special preparation technique used here and will act as

effective flux pinners.
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Fig (3.10) Powder XRD pattern of Mg-Si alloy prepared by casting.

Table 3.3 Sample composition, semi-quantitative phase analysis and strain in undoped and doped samples

Initial Weight
Volume % of Strain
Sample name % of
(%)
Si C MgB2 MgSi  MgO
MSBC 00 0 0 99.3 - 0.7 0.43
MSBC 60 6 0 89.7 9.0 1.3 0.88
MSBC 61 6 1 91.5 7.5 1.0 0.94
MSBC 62 6 2 93.1 6.6 0.3 0.88
MSBC 63 6 3 91.0 8.8 0.2 1.68
MSBC 64 6 4 88.4 114 0.2 1.33
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Fig (3.11) XRD patterns of undoped and doped MgB, samples.

The lattice parameters were calculated from the XRD patterns and their variation with
respect to doping level is shown in figure (3.12). The in-plane lattice constant ‘a’ shows a
consistent decrease with increase in doping while ‘c’ does not show any significant variation.
Compared to the pure sample MSBC 00, the sample MSBC 60 shows only a slight decrease in
‘a’ and this is due to the lattice distortions caused by the presence of Mg,Si phase. While it is
a known fact that carbon will result in a significant reduction in ‘a’ due to its substitution of
some of the B atoms. Since the covalent radius of C is lower than that of B, its substitution
results in a contraction of in-plane lattice [35, 36]. All the C doped samples show significant
reduction in ‘a’. Variation in FWHM of selected peaks is shown in figure (3.13). The peaks
corresponding to (100), (101) and (110) planes show consistent increase in FWHM with
increase in doping level while (002) peaks do not show much variation. Peak broadening points

to reduced crystallite size and an increase in lattice strain.

Reduction in grain size with doping was confirmed by the examination of SEM images
and is discussed later. Slopes of the Williamson-Hall plots of (hkO) peaks (figure 3.14) give
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Fig (3.12) Variation in lattice parameters ‘a’ and ‘c’ with doping.
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Fig (3.13) FWHM of selected peaks of the samples.
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the lattice strain values and are tabulated in table (3.3). All the doped samples show higher
strain values compared to the pure sample. SEM images of the fractured surfaces of the samples
are shown in figure (3.15). The undoped sample has a microstructure with randomly oriented
but well defined hexagonal grains. All the doped samples show grains with distinctly smaller
size and reduced crystallinity. Even though there are some bigger grains scattered in the matrix
of some of the doped samples, majority of grains are of smaller size. All the carbon containing
samples have randomly oriented, tightly packed smaller grains with improved connectivity.
These smaller grains provide more grain boundaries which help to enhance the flux pinning
and thus the Jc at higher fields. The uniform distribution of Mg.Si particles in samples prepared
using cast Mg-Si alloy is evident from HRTEM examination. Figure (3.16a) shows TEM image
of MSBC 62 (the sample which has shown the best Jc), prepared using cast Mg-Si alloy and
figure (3.16b) shows MgB: added with 6.7 wt % of nano SiC (~2 wt % of C) which was
directly mixed with Mg and B powders. Agglomerates of Mg.Si particles are seen in figure
(3.16b) while they are much more evenly distributed in the former sample (MSBC 62) thus
providing flux pinning centres which are better distributed and therefore more effective.
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Fig (3.14) Williamson — Hall plots of (hk0) peaks.
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Fig (3.15) SEM images of the fractured surfaces of the samples.
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Fig (3.16) TEM images of (a) sample MSBC 62, prepared using cast Mg - Si alloy (b) MgB:
doped with n SiC, prepared using the normal route.
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Examining the superconducting properties, transition temperatures (TcS) of all samples
are determined from Zero Field Cooled (ZFC) magnetization curves taken at 100 Oe. The
undoped sample MSBC 00 has the highest Tc of 38.7 K. Sample MSBC 60 which was prepared
from Mg-Si alloy has a slightly lower Tc of 38.5 K. Carbon addition reduces the Tc further;
with increasing C content Tc decreased from 37.2 K (MSBC 61) to 36.5 K (MSBC 64). When
carbon substitutes boron atoms a reduction in hole concentration happens. The reduced density
of states and weakened electron-phonon coupling result in a decrease in Tc [37]. The strain
caused by the inclusion of Mg,Si phase also plays a part in reducing Tc. Transition temperatures
of all samples are tabulated in table (3.4) and the normalized magnetization vs. temperature

plot is shown in figure (3.17).
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Fig (3.17) ZFC normalized magnetization vs. temperature plots at 100 Oe.

Field dependent critical current density, Jc(H) of the samples is calculated from
isothermal magnetic hysteresis loops and is shown in figure (3.18). Bean critical state model is
used for the calculation of Jc(H). The Jc(H) plots show that at lower fields thermomagnetic
flux jumps distort the shape of the curves and the determination of Jc is not accurate [38, 39].
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Table 3.4 Transition temperature, in-field critical current density and irreversibility field of samples

Jc at 5 K (x10* Alcm?)

Sample name Tc (K) Hirr (T) at5 K
3T 8T
MSBC 00 38.7 20.7 0.06 8.6
MSBC 60 38,5 8.4 0.11 9.9
MSBC 61 37.2 16.1 0.88 15.1
MSBC 62 37.1 21.0 1.55 16.3
MSBC 63 36.9 4.0 0.18 11.4
MSBC 64 36.5 3.8 0.05 8.8
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Fig (3.18) Variation in critical current density of the samples with applied magnetic field at 5 K.

Unsurprisingly at lower fields, up to around 3 T pure MgB; sample shows the highest Jc. Better

phase purity and homogeneity are required to obtain better Jc at lower fields. Samples MSBC
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61 and MSBC 62 perform consistently well throughout the entire field range studied. The Jc of
the pure sample drops drastically as the field increased and at 9 T its performance is the worst
among all the samples studied as we can see from figure (3.18). The Jc(H) plot of the sample
MSBC 60, which contains uniformly distributed Mg»Si particles and no carbon, lies in the
middle of lightly doped (MSBC 61 and MSBC 62) and heavily doped (MSBC 63 and MSBC
64) carbon containing samples [at around 6 T MSBC 60 is overtaken by MSBC 63 ]. Critical
current density is an order higher for MSBC 60 compared to the pure sample, MSBC 00 at 5
K and 9 T. The best samples are MSBC 61 and MSBC 62 which give Jcs of 0.88 x 10* A/cm?
and 1.55 x 10* A/lcm? at 5 K and 8 T, which are more than an order higher than the pure sample.
The critical current densities of all samples at 5 K and 8 T are tabulated in table (3.4).

In order to compare the effects of dopant addition through Mg-Si cast alloy and normal
techniques (direct addition of SiC), a sample added with 6.7 wt % of nano SiC and ground
thoroughly using an agate mortar and pestle is prepared. Mg powder (-325 mesh, 99.8 %),
amorphous B powder (-325 mesh, 99 %) and nano SiC (< 100 nm, 99.5 %) are used for the
preparation. The Jc(H) plot of this 6.7 wt % n SiC doped sample is also included in figure
(3.18) for reference. While this sample shows good Jc values in the entire field range, its Jc of
1.0 x 10* A/lcm? at 5 K and 8 T is lower than the Jc of sample MSBC 62. Mg,Si particles which
are uniformly distributed in the superconductor matrix because of the special preparation
technique adopted in this work and lattice defects caused by C substitution at B sites act as
good flux pinners. The enhanced flux pinning capabilities of the doped samples result in their
superior performance at higher fields. The irreversibility fields (Hirr), determined by linearly
extrapolating the high-field segments of the Kramer curves are tabulated in table (3.4). The

doped samples show much improved Hi.r values compared to the pure sample. Samples MSBC

00, MSBC 60, MSBC 61 and MSBC 62 show Hiyr values of 8.6 T, 9.9 T, 15.1 Tand 16.3 T
respectively at 5 K.

In this study, the agglomeration of Mg»Si particles in the MgB, matrix was minimised
by using powdered Mg-Si cast alloy instead of Mg and nano SiC as the starting materials. In
addition nano carbon was added to the Mg-Si + B mix and ground using a mortar and pestle.
No matter how much care we take, mixing in a mortar-pestle or ball milling will not give the
same homogeneity of the dopants as in the case of melting and casting. Nevertheless, a

drawback of this study is that we do not know the level of homogeneity of C as it was added
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to Mg-Si + B mix by solid state mixing. If one can ensure uniform distribution of C likewise

we did with Mg.Si by some novel processing technique, the results could be improved further.
3.2.3 Conclusion

This work is an attempt to address the agglomeration issue associated with chemical
doping of M@.Si in MgB; superconductor. Mg-6% Si alloy with uniformly distributed Mg»Si
in it was prepared by casting technique and the powdered alloy was used as the starting powder
for subsequent preparation of Mg.Si doped MgB5. Nano carbon in various weight percentages
was added to the mix. The dopants caused systematic variations in the structural and
superconducting properties of the MgB; samples. XRD patterns showed the presence of Mg,Si
in the Si containing samples. The addition of C caused a systematic reduction in ‘a’ lattice
parameter indicating its substitution of some of the B atoms. FWHM of (hk0) peaks increased
with doping concentration which indicated a reduction in crystallite size and an increase in
lattice strain. SEM images of doped samples confirmed that they consisted of smaller grains
compared to the pure sample. HRTEM analysis showed that the doped Mg.Si particles are
more homogeneously distributed within the MgB> grains in the samples prepared using cast
Mg-Si alloy as compared to the normally doped one. Doping did not greatly reduce the
transition temperature of the samples, with the most heavily doped sample MSBC 64 exhibiting
a Tc of 36.5 K. In-field critical current density was significantly improved by C and Si doping.
Solo Mg>Si doped sample has a Jc which is an order higher than pure sample at 5 K and 9 T.
Best results were obtained for the codoped samples, with the sample MSBC 62 having a Jc of
1.55 x 10* A/lcm? at 5 K and 8 T which is better than the Jc of the sample prepared by normal
route. The key to improving Jc(H) is the more uniform distribution of pinning centres which
was aided by the preparation technique followed in this work.

3.3 Summary

This chapter discusses in detail the approaches to improve the in-field critical current
density of MgB: bulk samples through chemical doping. MgB: bulk samples added with nano
SiO2 and/or nano diamond were prepared by PIST method and the effects of addition on
structural and superconducting properties were studied. X-ray diffraction analysis revealed that
the addition caused systematic reduction in ‘a’ lattice parameter due to the substitution of C
atoms at B sites and lattice distortion caused by reacted intragrain nano particles of Mg»Si as

evinced by transmission electron microscope image. Scanning electron microscopy images
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showed distinct microstructural variations with SiO»/diamond addition. It was evident from
DC magnetization measurements that the in-field critical current density of doped samples did
not fall drastically like the undoped sample. Among the doped samples the Jc(H) of co-doped
samples were significantly higher and the best co-doped sample yielded a Jc (2.1x10° Alcm?),

an order of magnitude more than the undoped one at 5 Kand 8 T.

Realising that the full potential of chemical doping was not attained due to an issue
which was not addressed before, agglomeration of nano dopants in the superconductor matrix,
a novel technique was developed to tackle the agglomeration of Mg.Si dopant in MgB.. Mg-
Si alloy which has uniformly distributed Mg.Si particles in it was prepared by casting
technique. The alloy was used as the Mg source for the preparation of MgB> samples doped
with various weight percentage of nano carbon. XRD patterns showed peaks of Mg.Si in all Si

containing samples. SEM images showed a microstructure with distinctly smaller grains and
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Fig (3.19) Comparison of the critical current density improvement through doping.

reduced crystallinity in doped samples. HRTEM analysis confirmed that the method led to
better distribution of Mg.Si particles within the MgB. grains as compared to the normally
prepared sample. It was found that doping has not severely affected the transition temperature
of the samples and at the same time enhanced the in-field critical current density. The new

technique bettered the ‘best’ Jc attained through codoping of n D and n SiO2 by about an order.
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Figure (3.19) compares the Jcs of the two works discussed in this chapter. And it is clear from
the figure that, Mg-Si approach is much more effective than the usual ‘mortar-pestle’ or ‘ball

milling’ approach used for adding nano dopants with ‘Mg + B’ powder.
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Chapter 4

Optimising the processing parameters for the

development of MgB2 superconducting wires

One of the most promising applications of a superconductor is to develop magnets. All
practically useful superconductors have been tried for magnet development. Even after half a
century of discovery, the classical superconductors, NbTi (Tc = 9.2 K) and Nb3Sn (Tc = 18.3
K) are still the most preferred materials for superconducting magnets [1-6] and these are
operated in a liquid helium environment. Helium is available in nature only in poor quantity
and already not sufficient for various scientific and industrial applications. The price of helium
is on the rise all the time. Also, helium loss during transportation is significant and it is not
very easy to handle liquid helium based cooling systems. MgB. offers a solution to this,
because of its high transition temperature (Tc) it can be operated using a cryocooler or solid
nitrogen or a combination of these two. Due to its high heat capacity, the idea of using SN2
together with a cryocooler, as the cooling source is gaining momentum. SN2, on its own, is
capable of maintaining the operating temperature for a certain time, thus not necessitating the
continuous operation of the cryocooler [7, 8]. Modern day cryocoolers are very reliable and
practically offer maintenance free operation. With new technologies, the production costs of
cryocoolers are coming down. Due to its high Tc, MgB2 can be operated in the 20-30 K
temperature range. A 20 K cryocooler is much cheaper and lighter than a 4 K cryocooler,
making the MgB2-cryocooler combination more attractive than an LTS-cryocooler

combination.

For practical applications, it is necessary to develop the superconductor into long
flexible conductors with high in-field critical current density and thermo-magnetic stability.
Among the various methods, the Powder In Tube (PIT) technique [9] has been accepted as the
most suitable one for making good quality MgB, wires. This technique is very simple,
inexpensive and easily scalable. This chapter details the development of MgB: wires in mono
and multifilamentary geometry and their characterization under cryogen free condition. Effects
of heat treatment temperature and duration on the structural and superconducting properties of
undoped monofilamentary wires are discussed in the first section of this chapter. In MgB:
conductors, sheath materials play an important role. A comparison of commonly used sheath

materials regarding their reactivity with the precursor powder, influence on superconducting
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properties, strain tolerance, mechanical workability, cost etc. are presented in the second

section.

4.1 Effects of heat treatment temperature and duration on the structural

and superconducting properties of MgB2 PIT wires.

In PIT processing of MgB:> conductors, either a pre-reacted powder (ex-situ) or a
stoichiometric mixture of Mg and B powders (in-situ) is packed into a metal tube and
rolled/drawn to desired geometry. Ex-situ method gives wires with dense and homogeneous
core with practically no impurities. Since the powder is already reacted, sinterability is poor
and high sintering temperatures are required. Doping of impurities is also difficult in ex-situ
method, whereas the in-situ method provides a lot of opportunities to develop MgB:
wires/tapes with superior qualities [10-14]. In in-situ method because of the huge difference in
the melting points of Mg (650 °C) and B (2030 °C), depending on the processing temperature
there is scope for solid-solid, solid-liquid and solid-gas interactions. This, in turn, has a vital
influence on the phase transformation, microstructure, density and porosity of the MgB:>
superconductor. Phase purity, microstructure, density and porosity are important in transport
current properties. Therefore to optimize the processing temperature is crucial to get the best
transport critical current density. The present work is an investigation on the effects of
processing temperature and duration on structural and superconducting properties of MgB2/Fe

wires.
4.1.1 Preparation and characterisation

Stoichiometrically weighed Mg and B powders were mixed thoroughly using an agate
mortar and pestle. The powder was filled in Fe tubes of outside diameter (OD) 6 mm, inside
diameter (ID) 4 mm and mechanically compacted. Brass studs were used to plug the ends of
the tubes. The composite tubes were groove rolled down to wires of diameter 1.55 mm. Ends
of the tubes were sealed using a capping technique [15] and heat treated in air at 600, 650,700,
750, 800 and 850 °C for 2 hours using a muffle furnace with a ramp rate of 2 °C/minute and
furnace cooled. Sample codes and corresponding heat treatment temperatures are given in table
(4.1). The phase analysis of the samples was done using an X-ray diffractometer with Cu Ko
radiation. Samples for the powder XRD analysis were recovered from the wires by
mechanically peeling of the Fe sheath. Microstructural analysis was performed using a

scanning electron microscope. Superconducting properties such as critical temperature (Tc) and
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critical current (Ic) were measured using a closed cycle cryocooler interfaced cryostat by DC
four probe resistive method. Critical current density (Jc) was obtained by dividing Ic with the

cross sectional area of the superconducting core of the wire.

4.1.2 Results and discussion

Figure (4.1) shows the XRD patterns of the samples heat treated at different
temperatures. The sample heat treated at 600 °C shows peaks of MgB,and Mg in almost equal
intensities. This indicates that the reaction between Mg and B has only started at this
temperature. All the other samples have MgB: as the main phase with Mg peaks gradually
disappearing at higher heat treatment temperatures. A semi-quantitative phase analysis is done
from the peak intensities of the samples and tabulated in table (4.1). At 600 °C reaction is only
at the halfway stage and about 47 volume % MgB: is present in this sample. At 650 °C, about
82 % is MgB; and it reaches 98 % at 850 °C. The unreacted Mg has steadily decreased with
increasing heat treatment temperature. All samples show the presence of minor quantities of
MgO. MgO was formed from the entrapped air in the reaction mixture. The absence of B rich
phases [e.g. MgB4, MgB:1. etc.] indicates that there is no Mg evaporation loss at our heat

treatment conditions.

Table 4.1 Semi-quantitative phase analysis and strain in samples heat treated at different temperatures

Heat treatment Volume % of
Sample name  temperature Strain (%)
(°C) /2 hr MgB: Mg MgO
S 600 600 47.2 51.8 1.0 -
S 650 650 82.4 16.4 1.2 1.21
S 700 700 90.4 8.3 1.3 0.94
S 750 750 95.2 3.2 1.6 0.51
S 800 800 97.3 1.0 1.7 0.49
S 850 850 97.8 0.3 1.9 0.48
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Fig (4.1) XRD patterns of samples heat treated at different temperatures.

Figure (4.2) shows the variation of Full Width at Half Maximum (FWHM) of MgB>
peaks with sintering temperature. FWHM of all peaks decreases systematically with increasing
sintering temperature, indicating improvement in grain size and crystallinity. As indicated by
the XRD patterns, higher heat treatment temperatures aid the formation of MgB: and reduce
the amount of unreacted Mg and B in the matrix. Higher heat treatment temperatures are
conducive for the formation of larger grains. Lattice strain values are calculated from
Williamson-Hall plots (figure 4.3) of (hkO) peaks. Strain decreases as the heat treatment
temperature increases. This indicates that with the increase in heat treatment temperature,
crystallinity has improved and defects in the lattice have decreased. The depression of
crystallinity for samples sintered at lower temperatures originates from defects in the crystal

lattice caused by intragranular precipitates like unreacted Mg and B.

Figure (4.4) shows the resistance vs temperature (R-T) plots of the samples heat treated
at different temperatures. All samples show good superconducting transition. The sample heat
treated at 600 °C shows the lowest T¢ of 36.8 K because of the low concentration of MgB: in
it. All other samples show Tc values above 38.5 K, with Tc slightly increasing with heat

treatment temperature. Formation of higher volume fraction MgB, reduction of unreacted Mg
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and B, better crystallinity and fewer defects help to improve the T of the samples with increase
in heat treatment temperature. The variation in Tc of the samples with temperature is shown in
figure (4.5). The Current vs Voltage (1-V) plots of the samples measured at 32.5 K and self-
field is shown in figure (4.6). The sample S 600 shows the lowest Ic of 12 A, which corresponds
to a Jc of 0.35x10* A/cm?. MgB. formation has just initiated in this sample, so its low Jc was
expected. The best Jc value is shown by the sample S 650 (2.51x10* A/cm?), after that Jc
decreases steadily with increasing heat treatment temperature. Figure (4.7) shows the variation
of Ic and Jc with heat treatment temperature. XRD analysis of sample S 650 shows that
unreacted Mg is present in this sample. It has about 83 vol % MgB: and 17 vol % Mg. Still, its
Ic and Jc values are better than the samples heat treated at higher temperatures which have more
MgB: in their core. This is surprising because samples with higher MgB: volume fraction and
larger grains are expected to perform better in self-field condition. In order to understand the
reason behind this reversal in performance, we examined the SEM images of the cross sections

of the samples. Figure (4.8) shows the SEM images of the samples heat treated at 600, 650,
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Fig (4.6) 1-V plots of all samples at 32.5 K.
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700 and 800 °C. The samples heat treated at 700 °C and above show voids in the
superconductor core which is very clear in S 800. The presence of such voids will affect the
transport current flow through the sample. When Mg and B react to form MgB., there is a
volume shrinkage, i.e. Vg + V2B > Vimgg2. From the XRD patterns (figure 4.1), it is seen that
there are some unreacted Mg and B in samples heat treated at lower temperatures and MgB:
formation nears completion at higher temperatures. As the MgB: phase formed increases at
higher temperatures, the density of pores also increases [16, 17] as displayed in figure 4.8(d).
Our results show that these pores are adversely affecting the transport current flow. The
importance of core density of MgB2 superconductor is provided by the excellent results
achieved by Internal Mg Diffusion [18-21] and Cold High Pressure Densification [22-24]
techniques. Samples prepared using such techniques have better core density, achieving a
density close to the theoretical density of MgB2. The unreacted Mg at lower heat treatment
temperatures may have played a favourable role in increasing Jc as well. Some reports suggest
that Mg can improve the grain connectivity and thus the Jc in MgB. [25, 26].

Having found that 650 °C is the optimum heat treatment temperature for our samples,
we studied the effects of processing duration on Ic performance. Samples were heat treated for
different durations, from 15 minutes to 5 hours, at 650 °C. The 1-V characteristics of the

samples are shown in figure (4.9). It is found that the difference in Ic values of all samples are
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Fig (4.9) I-V plots of samples heat treated for different durations at 650 °C.
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covered within a range of 10 A. At a heat treatment temperature of 650 °C, the duration has
not changed the Jc considerably. Even a 15 minute heat treatment is giving good critical current
value (84 A). A lowering trend in Ic is seen in the sample heat treated for 5 hour (81 A). Very

long heat treatment durations may lead to formation pores in the core similar to heat treatment
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Fig (4.10) Variation in Ic and Jc for different heat treatment durations. Data taken at 32.5 K and self-
field.

at higher temperatures and obstruct the transport current flow. Figure (4.10) shows the variation
in Ic and Jc with heat treatment duration.

4.1.3 Conclusion

The effects of processing temperature and duration on structural and superconducting
properties of MgB2/Fe wires were studied. Monofilamentary wires in Fe sheath, prepared using
PIT technique were heat treated at different temperatures from 600-850 °C for 2 hours. XRD
patterns confirmed that the formation of MgB; started at 600 °C itself but MgB, was a minor
phase at this temperature. XRD patterns of samples heat treated at 650 °C and above have
MgB: as the main phase with its volume fraction increasing with temperature. FWHM of MgB.
peaks decreased with increasing processing temperature, indicating the growth of grains with

temperature. Higher temperatures ensure better crystallinity and fewer defects in the matrix.
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The decrease of lattice strain with the increase in heat treatment temperature confirmed this
conclusion. Again the Tc values of samples showed a steady increase with temperature. Thus
all the analyses pointed to better phase purity, grain connectivity and fewer defects at higher
heat treatment temperatures. The behavior of Jc values showed a reverse trend, the sample S
650 showed the best Jc, with Jc slightly decreasing as the heat treatment temperature increased.
The reason for depression in Jc at higher temperatures was the increase in the density of pores
with heat treatment temperature. These pores seriously limited the transport current flow
through the core. SEM images of the samples confirmed this conclusion with large pores visible
in the samples heat treated at higher temperatures. At 650 °C the heat treatment duration didn’t
appear to have too much of an influence on the Ic performance of the samples. A duration of 1

to 2 hours is adequate to achieve the best result.

4.2 Superconducting and Bending Strain Properties of MgB2 PIT Wires
with Fe, Ni, SS, Nb and Monel Sheaths

In ‘in-situ’ PIT method a stoichiometric mixture of Mg and B, both in powder form is
filled in a suitable metal tube and rolled, extruded or drawn into desired size and shape and
then heat treated. Heat treatment is usually done at 600-850 °C. The metal tube or the sheath
material used with MgB2 should have certain essential properties. It should not form reacted

phases with Mg/B/MgB; at the reaction temperature which will deteriorate the superconducting

properties. The sheath material should provide adequate mechanical support to the
superconducting core and should be ductile enough to make long conductors. In the undesirable
event of a quench, the sheath material used should be suitable to transfer the heat generated to

the protective dumps associated with the magnet. Reports on influence of certain sheath
materials on the behaviour of MgB> PIT wires are available in the literature [27-37]. Although

these works provided valuable information, arriving at an outright favourite for sheath material
would not be straight forward. Since these works differed in wire configuration, precursor

powder used, heat treatment temperature, measurement conditions etc. a direct comparison was
not possible. The present work focuses on a comparative study on the performance of MgB»
PIT wires prepared using five commonly used sheath metals namely, Fe, Ni, SS, Nb and monel.

MgB, wires in mono and multifilamentary geometry with the above sheath materials were
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prepared and their structural and superconducting properties as well as bend-strain tolerance of

Jc, mechanical workability, scalability etc. were compared.
4.2.1 Preparation and characterisation

PIT method was used to prepare monofilamentary wires, where the ends of the rolled
and cut wires were sealed by a simple capping technique [15]. Stoichiometrically weighed Mg
powder (-325 mesh, 99.8% purity) and amorphous B powder (-325 mesh 99% purity) were
mixed thoroughly in an agate mortar and pestle. The mixture was filled in seamless metal (Fe,
Ni, SS, Nb and monel) tubes of length 5 cm, outside diameter (OD) 6 mm and inside diameter
(ID) 4 mm and mechanically compacted. Brass studs were used to plug the ends of the tubes.
The composite tubes were groove rolled down to wires of diameter 1.55 mm. For studying the
bending strain tolerance, multifilamentary wires were prepared by Wire In Tube (WIT)
method. Four monofilamentary wires of diameter 2.1 mm were bundled along with five Cu
wires (OFHC, 0.75 mm diameter) in another tube of OD/ID = 8/6 mm. In each case the outer
sheath used was the same as used for monofilamentary wires. The multifilamentary wires were
rolled down to 1.60 mm diameter. To impart desired bending strain, samples were bent
carefully into circular arcs of different radius of curvatures with the help of specially made
cylindrical mandrels. After sealing the ends, samples were heat treated in air using a muffle
furnace at 650 °C for two hours with a ramp rate of 2 °C/minute and furnace cooled [Nb
sheathed wire samples were heat treated in high purity Ar atmosphere because of the high
oxygen affinity of Nb]. Phase analysis of the samples was done using an X-ray diffractometer.
For phase identification of the samples, X’pert Highscore Plus Software supported by the
ICDD-PDF-2 database was employed. Microstructural examination of the samples was carried
out using a scanning electron microscope. The ‘R—T’ measurements of monofilamentary wires
and self-field ‘I-V’ measurements of multifilamentary wires at 30 K were carried out in a closed
cycle cryocooler integrated cryostat by DC four-probe resistive method. The in-field transport
critical current [Ic(H)] from 3 to 8 T at 4.2 K was measured using a 9 T, 75 mm bore liquid
helium cooled magnet system (AMI). The critical current was determined using 1pV/cm

criterion.
4.2.2 Results and discussion

Analysing the X-Ray Diffraction patterns of the superconductor cores of the
monofilamentary wires [figure (4.11)], it is evident that MgB: is the main phase in all samples.

Unreacted Mg is also present in all samples with a trace of MgO. The relatively low heat
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treatment temperature (650 °C), is the reason for the presence unreacted Mg. Traces of
unreacted Mg in MgB: is beneficial in improving in-field Jc [26, 38]. Also, the smaller grains
resulting from lower sintering temperature provide more grain boundaries which are very good
flux pinners [39, 40]. An impurity phase of Ni, namely MgNi3B: is found in both Ni and monel
sheathed wires. Its peaks are much more intense in monel sample wherein small quantities of
another impurity phase, namely MgCus is also present. Hence Fe, SS and Nb sheathed samples

are relatively phase pure compared to Ni and monel sheathed samples. SEM images of
transverse cross sections of mono wires in different sheaths are shown in figure (4.12). Here,
the interface between sheath and core is highlighted. Clearly an interface layer is observed in
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Fig (4.11) Powder XRD patterns of samples prepared in different sheaths.

Ni and monel wires. From XRD analysis it can be corroborated that the layer formed is mainly
MgNi3B> phase. Obviously this interface layer will act as a barrier for current transport from

the sheath to core. The presence of such insulating layers will increase the current transfer
length and causes the current to travel more distance through the resistive sheath resulting in
joule heating [41]. The effect will be more intense in practical multifilamentary wires where

the metal-core interface area is relatively more than that in monofilametary wires.
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Figure (4.13) shows the R-T plots of the monofilamentary wires in the temperature
range 10 to 300 K. All samples show good superconducting transitions. Fe, SS, and Nb based
samples which were found to have better phase purity exhibit higher Tcs of 38.6 K, 38.8 K,
and 38.5 K respectively. Ni and monel sheathed samples show lower Tcs of 37.7 Kand 37.2 K
respectively due to the presence of the impurity phases. Figure (4.14) shows a comparison of
Tc values of the monofilamentary wires in different sheaths. The variation of transport critical

current density of all the samples with respect to magnetic field in the range from 3t0 8 T at

Fig (4.12) SEM images of the cross section the wires in different sheaths.

4.2 K is shown in figure (4.15). The Fe, Nb and SS sheathed wires show distinctly higher Jcs
than the Ni and monel sheathed samples with almost the same kind of variation in the entire

field range. Fe sheathed sample show a Jc of 2.1x10° A/cm? at 4.2 K and 3 T, while Nb and
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Fig (4.14) Comparison of Tcs of monofilamentary wires in different sheathes.
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SS based samples have Jcs of 1.2x10° A/cm? and 1.0x10° A/cm? respectively at the same

conditions. Since these were relatively pure samples except for the presence of a small fraction

of Mg and a trace of MgO, the Jcs of these samples decreased significantly as the field

increased. At 8 T, the Fe sheathed sample shows the highest Jc of 4.6x10% A/cm?, which is
slightly higher than the Jc (3.1x10° A/cm?) shown by Nb. The SS sheathed sample shows a

still lower Jc of 2.4x10% A/lcm?at 8 T. The flux pinning in all these samples is provided by
grain boundaries only since no additional pinning centres were introduced into the
superconducting matrix through chemical doping or other means. The secondary phases
formed in Ni and monel sheathed samples only contributed to reducing the superconducting
core and they are located at the sheath-core interface rather than distributed in the
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Fig (4.15) Variation of transport Jc of monofilamentary wires in different sheaths with applied magnetic
field at 4.2 K.

superconducting matrix to contribute to flux pinning. Hence the self-field and in-field Jcs of
Ni and monel based samples are considerably lower. The superior performance of Fe, Nb and
SS sheathed wires is due to the better phase purity of the samples or in other words their non-

reactivity with Mg and B at the reaction temperature.
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In many of the applications especially for magnets, electric motors, fault current
limiters etc. the superconducting wires are wound into coils. It is important to study the effect
of bending strain on the transport Jc of the wires before they are put into practical applications.
In order to assess the behaviour of Jc during bending, we prepared all the above metal sheathed
wires in multifilamentary configuration and measured the deterioration of Jc with respect to
bending strain. In each case same metal was used as the barrier material and the outer sheath.
For example, in the case of Fe based multifilamentary wires, the monofilamentary wires were
prepared in an iron sheath and these wires were packed in another Fe tube and rolled down to
the desired diameter. In all samples, the filament number was fixed at 4 and 5 Cu wires of 0.75

mm diameter were used as thermal stabilizers. In one of our earlier studies [42] on bend-strain
tolerance of Fe sheathed MgB> wires, we identified that wires heat treated after bending, i.e.

bent and reacted (B&R) wires retained much higher fraction of the Jc of the straight wire
compared to the reacted and bent (R&B) wires [main results of that work is summarized in
figure (4.16)]. Hence in the present work, we limited our studies only to B&R wires. Figure
(4.17) shows the variation of transport Jc of the wires when subjected to different bending
strain. Bending strain, & was calculated using the equation, & = [d / (D + d)] x 100. Here d is
the diameter of the multifilamentary wire and D is the bending diameter. The plots show that
the Jc of all samples decreases with increase in bending strain and the rate of deterioration is
found to increase with the increase in bending strain. Multifilamentary wires prepared in Fe
when bent to 10 cm diameter show a decrease of around 15 % in Jc when measured at 30 K
and self-field. While Ni, SS, Nb and monel show a decrease of 15 %, 19 %, 16 % and 14 %
respectively under the same conditions. The advantage of B&R approach is that the cracks
formed in the core during bending will be healed to a good extent during heat treatment
followed. The various samples studied have retained 81 to 86 % of the straight wire Jc for the
bending diameter of 10 cm which corresponds to a bending strain of 1.6 %. This can further be
improved by increasing the filament number as discussed in our previous work [42]. Even
though the difference in Jc retention is not very large the mechanical workability of these
materials greatly differs. It was difficult to bend as rolled SS and monel samples and often they
broke into pieces for lower bending diameters. Also, Nb wires when heat treated in air formed
a thick oxide layer on the surface due to its high oxygen affinity and this made wires very
brittle. Therefore Nb sheathed wires required an inert atmosphere heat treatment. Ni wires
while rolled to longer lengths produced thin scales on the surface. While Fe wires were devoid

of many of these problems and being a ductile material it was suitable for making long wires
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and also for bending. The physical condition of the wires after heat treatment is also important.
While we used a heat treatment technique in the air for our samples, SS, monel and Ni showed
the least oxidation on the surface. Fe formed a thin oxide coating on the surface whereas Nb
was completely destroyed by heat treatment in the air as mentioned earlier.

Table 4.2 Important characteristics of MgB- superconducting wires prepared using different

sheaths
Retention % of straight wire Jc at
Transport Jcat 0K
Impurity 42K
phases Tc (Alcm?)
S:izghs formed onset Bending Diameter / Bending Strain
other than  (K)
MgO
3T 8T 15 cm/ 10 cm/ 5cm/
x 10° x 10° 1.1% 1.6 % 31%
Fe 38.6 2.1 4.6 95.7 84.8 67.7
Ni MgNisB,  37.7 0.2 0.9 95.1 84.4 66.0
SS 38.8 1.0 24 92.7 80.6 63.8
Nb 38.5 1.2 3.1 94.6 84.2 66.6
Monel ~ MINEBa 075 g1 05 963 855 67.5
MgCu;

4.2.3 Conclusion

A systematic investigation was made to identify the most suitable sheath material
candidates for MgB2 mono and multifilamentary wires for potential application in magnets,

motors, fault current limiters etc. Among the commonly used sheath metals, Fe, Ni, SS, Nb,
and monel were selected for the study. Mono and multifilamentary wires were prepared by PIT
and WIT techniques. Monel and Ni were found to react with Mg even at 650 °C and formed
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an interface layer of MgNi3B; between the sheath and superconducting core. Among all the

samples considered Fe, Nb and SS sheathed wires showed higher Tc values and superior in-
field transport Jc values compared to the others. Of these, the Fe sheathed wires yielded the
best transport Jc and superior strain tolerance. Multifilamentary wires prepared in Fe when
bent to 10 cm diameter retained 85 % of the straight wire Jc. Also, the mechanical workability
of Fe is much better than other sheath materials considered. The important factors such as no
reactivity with Mg and B at elevated temperatures, good mechanical workability, higher
transport Jc both at self and in-fields, retention of adequate fraction of Jc under bend mode,
possibility of heat treatment directly in air, easy availability and low cost make Fe one of the
best sheath materials for PIT processing of MgB2 based mono and multifilamentary wires. The
important characteristics of MgB, superconducting wires prepared using different sheath

materials are summarised in table (4.2).
4.3 Summary

The chapter details the second stage of our research plan towards the development of
MgB: superconducting wires with enhanced in-field critical current density. MgB: wires in
mono and multifilamentary geometry, suitable for cryogen free operation, were developed
using PIT and WIT techniques. Heat treatment conditions play important roles in the
performance of MgB2 conductors. The effects of heat treatment temperature on structural and
superconducting properties of MgB2 monofilamentary wires were studied. Iron sheathed wires
were subjected to heat treatment temperatures in the range 600-850 °C for 2 hours. MgB;
formation just started at 600 °C and MgB; was the main phase in XRD patterns from 650 °C
onwards. Peaks of unreacted Mg diminished at higher temperatures. Better phase purity,
improved crystallinity and fewer defects were attained at higher temperatures. Variations of
FWHM of MgB: peaks, strain and Tcs of samples supported this inference. Formation of voids
in the matrix due to the volume reduction associated with MgB> formation has limited the
transport current flow through the wires at higher heat treatment temperatures. 650 °C heat
treatment has given the best Jc value among the samples studied. Keeping 650 °C as the
optimum heat treatment temperature, duration of heat treatment was varied from 15 minutes to
5 hours. The variation in Ic values of all these samples falls within a range of 10 A, showing
that the heat treatment duration didn’t seriously affect the performance of the conductors at this

heat treatment temperature.
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In the second section, a comparison of the various sheath materials used with
magnesium diboride superconducting wires prepared by PIT method has been done with a view
to identifying the most suitable candidates. The wires with sheath metals such as Fe, Ni, SS,
Nb and monel were studied for their reactivity with the precursor at heat treatment temperature
(650 °C), influence on self-field and in-field superconducting properties and transport critical

current density under bend mode. X-Ray diffraction analysis has shown that Ni and monel
reacted with Mg and formed MgNi3B>, which appeared as a layer between the sheath and core

as evident from SEM images. All samples except Ni and monel sheathed wires have exhibited
good critical temperatures close to 39 K. The Fe, Nb and SS sheathed wires have also shown
much higher transport Jcs at 4.2 K in the entire field range from 3 to 8 T compared to Ni and
monel sheathed wires and of these the Fe sheathed wire has exhibited the highest. Measurement
of Jc of multifilamentary wires under different bending strain has shown that Fe and monel
sheathed wires retained marginally higher fractions of straight wire Jc compared to others. At
a strain of 1.6 %, these wires retained around 85 % straight wire Jc. Mechanical workability
and cost of the sheaths have also been considered for selecting the most suitable candidates.
Iron satisfied most of the requirements and found to be a suitable sheath material for MgB:

superconducting wires.
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Chapter 5

Development of MgB: superconducting wires with
enhanced in-field critical current density

Since the discovery of superconductivity in MgB2 with a distinctly higher transition
temperature (Tc) of 39 K there have been attempts to develop it as an alternative to the low
temperature superconductors (LTS) with the added advantage of operation at a higher
temperature in the range 20-30 K [1-4]. A comparison of the superconducting properties of
MgB:2 with those of LTS shows that MgB: is at par or even superior in many of the critical
properties [5-9]. Moreover, there is great scope for further improvement in the in-field critical
current density [Jc(H)] and hence MgB: has been identified as a promising candidate for future
high-field, ‘cryogen free magnets’. The mechanism of superconductivity in MgB> is well
understood now and efforts are still going on to improve the Jc(H). Due to weak flux pinning
and low upper critical field, the critical current density (Jc) of pristine MgB: drops rapidly in
an applied magnetic field. Improving the in-field properties is very important in making MgB>
competitive with other practical superconductors. Chemical doping is successfully employed
by many groups to improve Jc(H) of MgB., especially those causing C substitution for B in
the boron plane of MgB: [10-28]. Substitution of C modifies the ¢ and & band scattering and
enhances Hc2 [29-31]. The lattice defects and strain caused by C addition enhance the flux
pinning and thus Jc at higher fields. We have successfully employed chemical doping to
improve the transport critical current density of MgB2 Powder In Tube (PIT) wires at higher
fields. We found that n C, n SiC and Burned Rice Husk (BRH) can effectively introduce more
flux pinners into the MgB: lattice and enhance the in-filed properties. The results are discussed
in detail in this chapter [32].

5.1 A comparative study on the effects of n C, n SiC and BRH on the

structural and superconducting properties of MgB: PIT wires

The success of n SiC in improving the in-field properties of MgB2 was a breakthrough
in the efforts to tailor this superconductor for practical applications. SiC causes considerable C
substitution for B and reacts with Mg to form Mg2Si [18-21]. This dual effect of C substitution
and inclusion of reacted secondary phases is one among the most effective methods to improve

Jc(H) of MgB2 [33]. Our group has previously explored an alternative source of Si and C, BRH
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and achieved excellent results [34, 35]. BRH contains amorphous silica (SiO2) in a matrix of
friable carbon. In the present work, we have done a comparative study on the effects of the
above three potential additives namely, n C, n SiC and BRH on the structural and
superconducting properties of MgB2 PIT wires.

5.1.1 Preparation and characterisation

Sample composition chosen was MgB2 + x wt % of (n C or n SiC or BRH), where x =
2.5, 5 and 7.5. Mg (-325 mesh, 99.8%), amorphous B (-325 mesh, 99%), n C (< 50 nm, 99
+%), n SiC (< 100 nm, 97.5 +%) and raw rice husk heat treated at 300 °C for 1 hour were the
starting powders. Table (5.1) details the composition of the samples and sample codes.
Stoichiometric weights of powders were homogeneously mixed and ground thoroughly using
an agate mortar and pestle. PIT method was used for preparing monofilamentary wires. The
mixture was filled in seamless Fe tubes of length 5 cm, outside diameter (OD) 6 mm and inside
diameter (ID) 4 mm and mechanically compacted. Ends of the tubes were plugged using brass
studs. The composite tubes were groove rolled down to wires of diameter 1.47 mm. Samples
of length 10 cm were cut from the middle of the rolled wires and their ends were sealed using
a simple capping technique [36]. All the samples were heat treated in air at 800 °C for 2 hours
in a muffle furnace at a ramp rate of 2 °C per minute and furnace cooled. Phase analysis of the
samples was done using an X-ray diffractometer. X pert Highscore Plus software supported by
the ICDD-PDF-2 database was used for phase identification. A Scanning Electron Microscope
was used for microstructural examination. The resistance versus temperature measurements
were carried out in a closed cycle cryocooler integrated cryostat by DC four probe resistive
method. Keithley 220 current source and Keithley 2182A nano voltmeter were used for R-T
measurements. Transport critical current (Ic) in the applied magnetic field (from 0-8 T) was
measured in an AMI LHe cooled magnet system (9 T, 75 mm bore). 1uV/cm criterion was
used for determining lc. Wire samples of length around 3 cm were used for the R-T and I-V
measurements. The current and voltage leads were taken from the Fe sheath by soldering

OFHC wires with the help of phosphoric acid flux.
5.1.2 Results and discussion

Looking at the XRD patterns, figure (5.1), it is clear that MgB: is the main phase in
undoped and n C, n SiC and BRH added samples. The secondary phases formed vary with
respect to their nature and quantity depending on the dopants added. Minor quantities of MgO
are formed in n C added samples and also in the undoped and lightly doped SiC and BRH
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samples. Heavily C doped sample (7.5 wt %) shows peaks of MgB2C». A semi-quantitative
phase analysis is done from the peak intensities of XRD patterns and tabulated in table (5.1).
All the n SiC added samples show peaks of Mg.Si. The volume % of MgSi increases with
increasing doping concentration of SiC. Due to the formation of significant quantities of Mg»Si,

the volume fraction of MgB: in SiC added samples is less than the corresponding n C and BRH

added samples. Mg.Si peaks in BRH doped samples are not as intense as in SiC doped samples.
Mg2Si peak is absent in 2.5 wt % BRH added sample. While 5 wt % and 7.5 wt % BRH added
samples have 7.9 % and 9.7 % MgSi in its matrix. So a glance of XRD patterns shows that we
have MgB: in our samples in different quantities plus some secondary phases, a few of which

are expected to enhance the superconducting current transfer and others may mar it depending

on their size and nature of the distribution.

Intensity (arb.unit)

Peaks of MgB, are indexed % Mg,Si !M98202

* MgO
g Jg\ Jg\-g g g g g_MBRH 7.5
A e ~ ~~MBRH 5
- -~ ——MBSC 7.5
A A X Fosiag ws —~MBSC 5
i kil F . * .~ MBSC25
: LA N \_MBC 7.5
J J\JJ\M_/\.__J\MBC 5
" l MBC 2.5
A _L A R = ~_MB
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2 theta (degree)

Fig (5.1) XRD patterns of the undoped and doped samples.

Analysing the XRD patterns it is observed that (100) and (110) peaks of doped samples
have slightly shifted towards higher angles whereas (002) peaks have maintained the same
positions in both doped and undoped samples. The peak shift indicates a decrease in in-plane
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Fig (5.2) Variation of lattice parameters ‘a’ and ‘c’ with doping.

lattice constant ‘a’. The variation of lattice constants ‘a’ and ‘¢’ with doping is shown in figure
(5.2). The lattice constant ‘c’ has not changed significantly with doping but ‘a’ consistently
decreased with increasing doping concentration. All the three dopants studied in this work are
causing carbon substitution at boron sites. Carbon which has a smaller covalent radius than
boron causes contraction of the in-plane lattice. The secondary phases present in the doped
samples, mainly Mg2Si in n SiC and BRH doped samples and MgB2C: in heavily C doped
sample cause lattice distortions and play a minor part in decreasing ‘a’. Compared to bulk
samples, the secondary phases have a much more significant influence on lattice parameters in
thin films of MgB.. In thin films, the grains are oriented preferentially whereas in bulk the
random orientation of grains belittles the effect of secondary phases. MgB2C: in heavily C
doped thin films play a major role in modifying the structural and superconducting properties
[37-39]. From the variations in ‘a’ lattice parameter, approximate C substitution for B (x in
MgB2.xCy) is estimated [30] and tabulated in table (5.1). In order to understand the effect of
different dopants on lattice strain and grain size the full width at half maximum (FWHM) of
selected peaks of the XRD patterns are calculated and are shown in figure (5.3). The (002) peak
is least affected by doping, as evident from the figure the FWHM values of this peak haven’t
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changed much with doping. There is significant variation in the FWHM of other peaks and the
(hk0) peaks show maximum peak broadening. Compared to the pure sample, the (101) peaks
of doped samples show a slight increase in FWHM with doping concentration. The variation
is even greater in (100) and (110) peaks. Comparing the dopants, n C is found to have a greater
influence in broadening peaks compared to n SiC and BRH. Carbon substitution at boron sites

is mainly responsible for broadening of peaks. The strain caused by the inclusion of secondary
phase (Mg2Si) present in n SiC and BRH added samples also contributes to peak broadening.

Of course the MgB-C> phase present in heavily carbon doped sample plays its part too. Higher
FWHM indicates smaller grain size and higher lattice strain. The lattice strain is calculated
from Williamson- Hall plots of (hk0) peaks, figure (5.4). The slopes of the plots represent the
lattice strain. All the doped samples show higher strain values compared to the undoped
sample. The strain induced by n C doping is higher than that of n SiC and BRH doping and the
strain increased systematically with doping concentration. Variation of strain among the SiC
doped samples is less compared to the other two sets of doped samples. Lattice strain values of
all samples are tabulated in table (5.1). Carbon substitution for boron is the main reason for

increased lattice strain in the doped samples.

Fig (5.5) SEM images of the fractured surfaces of selected samples.
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Typical SEM images of the undoped and doped samples are shown in figure (5.5).
MgB; grains comprising agglomerates of hexagonal crystallites are visible in the undoped

sample. At several places, grain boundaries are not clearly distinguishable and the grains appear
to have fused together. Among the three sets of doped samples, the ones which exhibited the

best Jc values at higher magnetic fields in each set (discussed in the following section) are
shown here. The MgB. grains are not easily distinguishable in the doped samples. On closer
examination much smaller grains than the undoped sample could be spotted. We have seen a
broadening trend in FWHM analysis of the doped samples and this agrees with this
microstructure. In MgB», the grain boundaries are good flux pinners, smaller grains provide

more of them and this will help to enhance the in-field performance of doped samples.

I y I y I ! | ‘ I ! |
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Fig (5.6) R-T plots of undoped and doped monofilamentary wires in the temperature range from 10
K to 60 K.

Figure (5.6) shows the R-T plots of undoped and doped monofilamentary wires. All
samples show sharp superconducting transition. The undoped sample, MB, has the highest
critical temperature of 38.5 K. All the three dopants have lowered the Tc compared to the pure

sample and the T¢ values decreased with increasing dopant concentration. Nano C reduces the
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Tc more than that of n SiC and BRH. The Tc decreased from 37.3 K to 34.6 K for 2.5 to 7.5 wt
% n C doping. The reduction in hole concentration due to C substitution for B is the main
reason for Tc reduction in C containing samples [40]. Heavily carbon doped sample MBC 7.5
has an impurity phase (MgB2C>) in the matrix and this sample with high C substitution and
low phase purity has the lowest Tc (34.6 K) among all the samples studied. Nano SiC and BRH
have similar Tcs for similar doping concentrations. The addition of n SiC and BRH in the range
from 2.5 to 7.5 wt % lowers the Tc from 37.9 K to 36.4 K and from 37.9 K to 36.5 K
respectively. Carbon substitution and the presence of a non-superconducting phase Mg.Si are
the reasons for Tc reduction in n SiC and BRH doped samples. Examining the Tc values it is
clear that n SiC and BRH have only a lighter effect on Tc compared to n C. Transition

temperatures of all samples are tabulated in table (5.2).

Table 5.2 Transition temperature and critical current density of undoped and doped samples

sample e (9 Jec at 4.2 K (x10* A/cm?) Jc at 20 K (x10* A/lcm?)
name 0T 8T 0T 4T
MB 38.5 11.68 0.37 4.79 1.61
MBC 2.5 37.3 10.27 1.45 4.36 1.63
MBC 5 36.0 9.22 0.63 3.42 1.26
MBC 7.5 34.6 8.78 0.53 3.19 1.17
MBSC 2.5 37.9 9.89 1.59 3.92 141
MBSC 5 37.4 9.26 2.41 3.47 1.54
MBSC 7.5 36.4 8.86 1.36 3.25 1.30
MBRH 2.5 37.9 9.69 1.01 3.75 1.28
MBRH 5 37.4 8.80 1.38 3.26 1.29
MBRH 7.5 36.5 8.77 2.09 3.17 1.42

The non-superconducting phases in the matrix can reduce the grain connectivity and
obstruct the transport current flow. Assuming that self-field Jc is independent of doping, the
current carrying fraction, (1/F) of the cross sectional area of the sample could be roughly

estimated from the reduction in self-field critical current density of doped samples. 1/F = Jc/Jco,
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where Jco is the self-field Jc of the pure sample having perfectly connected grains [37]. Figure
(5.7) shows the variation of 1/F with doping concentration for various samples. Self-field Jc
values at 4.2 K in table (5.2) are used for the calculation. For the highest dopant concentration

connectivity reduces by approximately 25 % for all samples compared to the undoped sample.

The variation of transport critical current density of the samples with applied magnetic
field from 0 - 8 T at 4.2 K is shown in figure (5.8). At lower fields, pure sample MB shows the
best Jc values. At 0 T MB has the highest Jc of 11.68 x10* A/lcm? at 4.2 K [At lower fields the
critical current values were very high, which results in heating up the samples instantly for a
short period during the Ic measurement. The Cu wires connecting sample to the current source
were heated up slightly and this, in turn, increased the sample temperature. This sample heating
has slightly underestimated Jc at lower fields]. Among the doped samples, the ones with lighter
doping concentration show better results at lower fields. Trend remains the same at higher
temperatures also, at 20 K and 0 T pure sample MB has shown the highest Jc of 4.79 x10*
Alcm?. Samples with better phase purity and grain connectivity have the maximum current
carrying ability at lower fields. As the field increases, Jc of pure sample drops rapidly. Above
5T its Jc values are much lower than the doped samples. At higher fields, SiC and BRH doped
samples give the best Jc values. The sample MBSC 5 shows the best Jc of 2.41 x10* A/cm? at
4.2 K and 8 T which is closely followed by MBRH 7.5 with a Jc of 2.09 x10* A/cm? at the
same conditions. In n C doped samples the best result is given by MBC 2.5 (1.45 x10* A/lcm?
at 4.2 K and 8 T). Higher pinning force in the doped samples which arrests the movement of
flux vortices is the reason for the better performance of doped samples at higher fields. All the
three types of dopants we tried in this work cause C substitution at B sites. In addition to this,
SiC and BRH form MgSi which will be distributed within the grains [34, 35, 41]. The defects
caused by C substitution and the intra-grain Mg.Si particles act as good flux pinners. Also, we
have seen from SEM images that the doped samples consist of smaller grains and thereby
providing more grain boundaries which are very good flux pinners. At 8 T the samples which
have shown the best Jc(H) performance are MBSC 5, MBRH 7.5 and MBSC 2.5, then only
comes the first n C sample MBC 2.5 which is closely followed by the samples MBRH 5 and
MBSC 7.5. This shows the significance of the dual effect of carbon substitution and inclusion
of reacted secondary phases in the MgB2 matrix in enhancing Jc at higher fields. But the heavily
C doped sample MBC 7.5 which contained a reacted phase MgB2C: is the worst among all the
doped samples. It should be noted that not all inclusions have a positive effect on improving
Jcat higher fields. Intragrain inclusions of the size comparable to the coherence length of
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cooper pairs will have a more positive impact on improving Jc. Also, the competitiveness of
BRH deserves special mention. SiC is considered among the best dopants to enhance the
critical current density of MgB. at higher fields and is set as a benchmark [18-21, 41]. In our
study BRH addition has improved Jc to as higher values as n SiC addition. Rice Husk, being a
very cheap and easily available raw material, could be used as an alternative for SiC. The
critical current density of all samples at selected temperatures and fields are listed in table (5.2).

5.1.3 Conclusion

A detailed study of the effects of three dopants (n C, n SiC and BRH) on the structural
and superconducting properties of PIT processed MgB> monofilamentary wires is done and
presented in this chapter. XRD analysis shows the formation of Mg,Si in both n SiC and BRH
doped samples, its inclusion in the superconductor matrix is known to enhance Jc at high fields.
All the three dopants cause C substitution at B sites and as a result ‘a’ lattice parameter
decreases in doped samples. FWHM of the (hkO) peaks of doped samples shows systematic
broadening with increasing doping concentration. Smaller grains in SEM images of doped
samples justify the peak broadening. Doping reduces Tc of all samples with n C dropping Tc
to much lower values compared to n SiC and BRH. In heavily doped SiC and BRH samples
the Tc drops by around 2 K and in the case of n C it drops by almost 4 K. Best critical current
density results at higher fields are achieved by n SiC and BRH doping, which cause carbon

substitution as well as inclusion of Mg,Si phase in the superconductor matrix. The combined

flux pinning force provided by the lattice defects from C substitution and Mg5Si inclusions is
better than that provided by C substitution alone in n C doped samples. The best doped samples
have Jcs improved by an order compared to the undoped sample at 4.2 K and 8 T. The
competitiveness of BRH shows that it is a cheaper alternative for n SiC.

5.2 Summary

The chapter details the third phase of our research plan towards the development of
MgB:2 superconducting wires with in-field transport critical current densities on a par with the
best samples reported internationally. We have successfully employed chemical doping to
improve the Jc(H) of MgB2 wires which could be put into operation using a cryogen free
cooling mechanism. A comparative study on the structural and superconducting properties of
MgB: PIT wires doped with various weight percentage of nano carbon, nano SiC and Burned

Rice Husk has been carried out. X-Ray diffraction patterns of n SiC and BRH doped samples
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showed peaks of Mg>Si which is a useful intragrain inclusion for flux pinning. The Lattice
parameter ‘a’ decreased with increasing doping concentration for all the doped samples, the
maximum being for n C, indicating C substitution for B. The FWHM of (hkO) peaks of all
samples increased with doping. Doping caused a reduction in grain size and SEM images
showed tightly packed smaller grains containing hexagonal crystallites in all the three types of
doped samples. All the dopants reduced the transition temperature of the undoped sample and
the effect was severe for n C doping. Unlike the pure sample, the transport critical current
density of the doped samples didn’t fall rapidly at high fields; but retained large fractions
depending on the dopants. The best results were obtained for n SiC and BRH doped samples
with BRH closely matching the performance of n SiC. Rice Husk, which is cheap and easily
available, has the potential to be developed as an alternative dopant for SiC. Improvement in
critical current density for these samples was about an order higher than the undoped sample
at4.2Kand8T.
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Chapter 6

Summary, conclusion and future directions

6.1 Summary

The prospects of MgB> based cryogen free magnets replacing the classical LTS
magnets are bright. In commercial applications, price—performance ratio of a superconductor
decides its suitability. Low density and low cost of raw materials are favourable factors for
MgB:.. If the in-field engineering current density could be improved beyond that of LTS, MgB:>
could become the wire of choice for future high field magnets. In multifilamentary MgB2 wires,
only about 10-15 % of the cross sectional area is occupied by the superconductor and the
remaining is consumed by the barrier, stabilizer and outer sheath. Thus it is necessary to
improve the transport critical current density under high magnetic fields to make MgB:2
competitive for practical applications. In this work, the main objective was to develop MgB:
superconducting wires suitable for cryogen free operation and having enhanced transport
critical current density under external magnetic field [Jc(H)]. To achieve this objective a three
stage research plan was drawn. In the first stage, chemical doping was successfully employed
to improve the Jc(H) of MgB: in bulk form. Combined addition of nano diamond (n D) and
nano SiO2 (n SiO2) was found to be very effective in enhancing the Jc(H) of MgB..
Conventional methods like mortar-pestle, ball milling etc. used to mix nano additives in
chemical doping do not guarantee their homogeneous distribution in the superconductor
matrix, thus compromising their effect on enhancing superconducting properties. To address
this issue we have developed a novel processing route. By using Mg-Si cast alloy we were able
to tackle the agglomeration of MgSi nano particles in the superconductor matrix. The
homogeneous distribution of the secondary phase was found to be more effective in improving
flux pinning and thus Jc(H) in MgB..

In the second stage, MgB2 mono and multifilamentary wires were developed. Effects
of heat treatment temperature and duration on structural and superconducting properties of
undoped mono-wires were studied. Heat treatment of the wires at a temperature in the range
650 to 700 °C for 1 to 2 hours was found to give the best Jc values under self-field. A
comparison of commonly used sheath materials regarding their reactivity with the precursor
powder, influence on superconducting properties, strain tolerance, mechanical workability and

cost were done. Iron was found to be one of the best sheath materials for MgB2 PIT wires. The
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enhancement in magnetic Jc(H) achieved through chemical doping in bulk was successfully
replicated in transport Jc(H) of wire samples in the third stage. We compared the effectiveness
of n C, n SiC and Burned Rice Husk (BRH) in introducing flux pinners into the MgB2 matrix
and enhancing transport critical current density. A critical analysis was also made on the
usefulness of BRH, an indigenously developed dopant by our group as a cheaper alternative
for n SiC.

6.2 Conclusions

¢ The dual mechanism of carbon substitution for boron and incorporation of secondary
phases in the MgB> matrix was successfully employed to improve the magnetic as well
as transport Jc of MgB: bulk and wire samples at higher magnetic fields. Nano diamond
and nano SiO; effectively caused C substitution and introduced nanometre sized Mg.Si
particles in the MgB2> matrix. The lattice defects caused by C substitution and MgSi
particles acted as good flux pinners. The flux pinning capabilities of the codoped
samples were found to be better than that of solo doped samples and they improved the

Jc of the undoped sample by an order at 5 K and 8 T.

¢ Agglomeration of nano dopants is a major issue which compromises the effectiveness
of chemical doping in MgB2. We have successfully tackled the agglomeration of Mg>Si
particles in MgB: by using ‘Mg-Si’ cast alloy as one of our starting materials instead
of pure Mg. Comparison of results showed that the uniformly distributed flux pinners
were more effective than the agglomerated flux pinners resulting from normal route of

preparation.

¢ Heat treatment conditions play important roles in the development of suitable
microstructure in the superconducting core for obtaining the best performance in the
PIT processed MgB: wires. The volume shrinkage associated with the formation of
MgB: caused formation of voids in the superconducting core. The size of the voids was
found to increase with increase in the heat treatment temperature and duration of the
wire samples. These voids limited the transport current flow through the samples. Heat
treatment temperatures in the range 650-700 °C and duration in the range 1-2 hours

gave the best Jc values for undoped wires under self-field.
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6. Summary, conclusion and future directions

¢ Sheath materials play an important role in the development of MgB: based wires and
coils. A comparison of commonly used sheath materials with MgB, was done.
Attributes like no reactivity with Mg and B at elevated temperatures, good mechanical
workability, higher transport Jc both at self and in-fields, retention of adequate fraction
of Jc under bend mode, possibility of heat treatment directly in air, easy availability
and low cost make Fe one of the best sheath materials for PIT processing of MgB:

based mono and multifilamentary wires.

¢ Transport critical current densities more than 10* A/cm? at 4.2 K and 8 T or at 20 K and
4 T were achieved in Fe sheathed MgB: wires, through chemical doping of n C, n SiC
and BRH, which are on a par with the best results reported internationally. SiC and
BRH were more effective in enhancing the Jc, besides being light on Te. It was found
that BRH, an indigenously developed dopant by our group has the potential to be a
cheaper alternative for SiC.

6.3 Future directions

From an application point of view, it is necessary to improve the Jc(H) of MgB: still
further. We are yet to tap the full potential of chemical doping in MgB.. Using cast Mg-Si
alloy, we were able to tackle the agglomeration of Mg.Si dopant in MgB. and this was found
to have an instant effect on Jc(H). However, in the same work we added n C to the mixture by
solid state mixing only. No matter how much care we take, physical methods of mixing either
manual or with machines will not give the same homogeneity of the dopants as in the case of
melting and casting. We could not assess the level of homogeneity of C in our samples. The
effectiveness of C substitution for B is the main factor determining the success of chemical
doping in MgB>. So it is necessary to ensure the uniform distribution of C in the MgB2 matrix
to maximise its effect. To develop a method that can uniformly distribute C in MgB: is an
important next step that we would like to undertake.

Due to the porous nature of MgB>, we could usually attain only 50 % of the theoretical
density in samples prepared through PIT and PIST methods. Results discussed in chapter 4
clearly suggests the importance of densifying the core of MgB. conductors. Studying the
influence of multistage heat treatment, multistage rolling and addition of pre-reacted MgB>
powder, on the core density of PIT processed wires is the next step in our development of wires.
MgB: has the potential to have a major impact on MRI magnet industry, provided persistent

superconducting joints are developed. A superconducting joint for MgB2 conductors using
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NbTi was tried by some groups but with limited success. Also when NbTi was used as the joint,
the operating temperature was limited below 9 K. To operate an MgB: based cryogen free
magnet at 20-30 K range, the joining process should also be based on MgB: or any high Tc
superconductor. Development of MgB2 superconducting joint is a very significant step to be

pursued in future.
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