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PREFACE

In the superconducting state, a superconductor has zero electrical re-
sistance and hence can transport large electrical currentswithout any re-
sistive loss. The unique property of dissipation free current transport has
strong prospective on practical applications. Today superconducting mate-
rials have extensive uses in energy production, storage anddistribution, in
electronics, and most importantly in high field magnets. Superconducting
magnets have major use in MRI instruments in medical field, for high field
R & D instruments like NMR, for energy storage in SMES, for confine-
ment of plasma in fusion reactors and for the magnetic levitation systems
in transportation. The wide spread use of superconductors is mainly lim-
ited by cost associated with maintaining very low temperatures.

The most commonly used superconducting materials are two low tem-
perature superconductors (LTS), NbTi having aTC of 9 K and Nb3Sn hav-
ing a TC of 18 K. NbTi has anHC2 of 10-11 T at 4.2 K and is relatively
easy to fabricate in wires or tapes and occupies most of the low field mag-
nets in MRI instruments. Nb3Sn hasHC2 value of more than 20 T at 4.2
K and is used in high field magnets. Both NbTi and Nb3Sn based magnets
use liquid helium (LHe) as the coolant, which is expensive. The discovery
of high temperature superconductors (HTS), superconducting above 77 K
and havingHC2 more than 100 T, made excitement with the possibility of
operating superconducting devices at a reduced cost. Thesecan be cooled
to the superconducting state using liquid nitrogen (LN2), which is much
cheaper than liquid helium. But the HTS conductors faced many techni-
cal problems in making wires and coils. These materials are granular and
highly anisotropic and the critical current density falls sharply in applied
fields.

The discovery of superconductivity in MgB2, a binary intermetallic, in
2001 by Jun Akimitsu’s group in Japan generated a boom in applied super-
conductivity research. MgB2 has a higherTC of 39 K as compared to the
conventional LTS and is free from most of the limitations of HTS. MgB2

conductors with large transport current densities of around 105 A/cm2 at
4.2-20 K have been demonstrated in a few labs. MgB2 based systems
can be operated in the 20-30 K temperature range with cryocoolers (elim-
inates the need for expensive LHe), where conventional LTS cannot be
used. Compared to the HTS, preparation of MgB2 into multifilamentary
conductors is relatively easy and the raw materials are inexpensive.
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Currently the major challenges involved in the developmentof MgB2

conductors for practical applications are the preparationof good quality
MgB2 in bulk, wire/tape and coil, and improvement of field performance.
The oxidation and vapor loss of Mg are the main hurdles for thepreparation
of good quality MgB2. The wide difference in the melting point between
Mg (650 ◦C) and B (2080◦C) limits the solid - solid and liquid - liquid
reaction, and the MgB2 formed by liquid - solid reaction is highly porous.
The sinterability of MgB2 grains is poor also. Mg reacts with most of the
common sheath metals and the mechanical workability of chemically com-
patible metals is low. MgB2 has high critical current density at self-field,
but the critical current density falls sharply in applied fields. For techno-
logical applications the in-field critical current densitymust be improved
considerably.

The present thesis focuses on the preparation of good quality MgB2 in
bulk, wire/tape forms and on the improvement of in-field critical current
density. The results can be used for the development of MgB2 based su-
perconductors for practical applications.

The thesis is organized into 6 chapters. First chapter givesa brief intro-
duction to the phenomenon of superconductivity, superconducting materi-
als, applications and the features of MgB2 superconductor. A review of the
present international status on the development of MgB2 is also given in the
chapter. The second chapter discusses the various materialcharacterization
techniques used for the study. Third, fourth and fifth chapters describes the
experimental results, main findings and discussion of the research carried
out. Third chapter deals with the preparation and characterization of bulk
MgB2 superconductor. Fourth chapter deals with the preparationand char-
acterization MgB2 superconductor in mono and multifilamentary wire/tape
form. Fifth chapter deals with the chemical addition studies carried out
to improve the in-field critical current density of MgB2 superconductor.
Chapter 6 summarizes the work with main conclusions and the scope for
future work.

A simple Powder-In-Sealed-Tube (PIST) method is identifiedfor prepar-
ing good quality MgB2 bulk superconductor. In this method, Mg and B
powders were filled in seamless stainless steel tubes and heat treated in at-
mospheric condition after sealing the ends. The method is simple and cost
effective, as the need for vacuum or inert atmosphere is eliminated for the
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preparation. For the preparation of wires and tapes a systematic study on
the chemical reactivity of various sheath materials such asAg, Cu, Fe, Ni,
Stainless Steel (SS) and Ta with Mg/B was conducted. Among these Fe is
found to be the most suitable material for the sheath. Fe sheathed MgB2

wires and tapes were prepared byin situ Powder-In-Tube (PIT) technique
in mono and multi filamentary geometries. Further, a novel electrical self-
heating method was introduced for the preparation of Fe sheathed MgB2

wires and tapes. The prepared superconductor in bulk, wire and tape forms
were characterized for phase purity, structural and superconducting proper-
ties, and these are at par with the best quality samples reported worldwide.

Additives of different types were introduced into the MgB2 for improv-
ing the in-field critical current density. Burned rice husk (BRH), an in-
expensive natural material is found to be one of the best additive for en-
hancing the in-field critical current density of MgB2. By selecting suitable
combinations of additives a significant enhancement of the critical current
density by 1-2 orders of magnitude were achieved for fields > 5T, at 5 and
15 K.
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Chapter 1

Introduction to MgB 2
superconductor

1.1 Superconductivity

In 1908 Heike Kamerlingh Onnes, professor of experimental physics at
the university of Leiden (Holland) liquified helium for the first time. He
soon set about measuring the electrical resistivity of metals at low tem-
peratures. In 1911, while measuring the electrical resistivity of mercury,
he observed a sudden and massive drop in resistivity below 4.2 K. As the
mercury wires were slowly cooled below 4.2 K, in just a few hundredths
of a degree, the resistance dropped to immeasurably low value. i.e. practi-
cally into zero [1]. Onnes termed the electrical state mercury had entered
assuperconductingstate. Thus the phenomenon of vanishing of electrical
resistivity of materials below a particular low temperature has been called
superconductivity and the materials which exhibit this property are called
superconductors. The temperature at which the transition from normal
state to superconducting state occurs is called the superconducting transi-
tion temperature orcritical temperature TC.

In 1933 Meissner and his student Robert Oschenfield made an impor-
tant discovery about the behavior of superconductors in external magnetic
fields. While investigating the superconducting transitionof materials in
applied magnetic fields, they found that the magnetic flux wasexpelled
from the interior of the superconductor (for field upto a critical field HC),
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2 1. Introduction to MgB2 superconductor

irrespective of the path used to apply the field [2]. This characteristic prop-
erty of a superconductor is called theMeissner effect. The complete ex-
pulsion of magnetic flux shows that the superconductor is perfectly dia-
magnetic in the superconducting state.

The normal and superconducting state of a material is determined by
the temperature, external magnetic field and the current density flowing
through the material. Thus for the occurrence of superconductivity in a
material the temperature must be below thecritical temperature (TC), the
external magnetic field must be below thecritical field ( HC) and the cur-
rent density flowing through the material must be below thecritical cur-
rent density (JC). The three parametersTC (H,J), HC (T,J) andJC (H,T)
define a critical surface as illustrated in figure 1.1, beneath the surface the
material is in superconducting state and above the surface the material is
in normal state.

Current density

Field

Critical surface

Temperature
TC

HC

JC

Figure 1.1:Illustration of superconducting critical surface.

The usefulness of a superconductor for technological applications de-
pends on its ability to carry sufficient high current densitywithout resistive
losses at the working field (H) and temperature (T). There are two limits to
theJC in practical superconductors: the intrinsicJC is limited byHC2, Hirr
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1. Introduction to MgB2 superconductor 3

and flux pinning, and the extrinsicJC limited by factors like grain connec-
tivity, grain orientation (anisotropy). One of the aims of the present work
is to improve theJC of MgB2 superconductor at higher fields by selective
chemical addition.

1.2 Electromagnetic properties of
superconductors

Superconductors have peculiar electromagnetic properties that differ very
much from that of normal conducting materials. In the superconducting
state a superconductor has zero electrical resistance and can carry DC
transport currents without any dissipation or energy loss,upto the critical
current (IC). The behavior of a superconductor in an AC field or AC trans-
port current is more complex and is not included in the discussion as it is
outside the scope of the present work. In the case of AC transport currents,
the flow is superconducting at lower frequencies, the current experiences
an inductive reactance at higher frequencies. At optical frequencies (> 1014

Hz), the AC current flow is mostly normal.

A superconductor behaves differently from that of a normal conductor
in an external magnetic field. Based on their behavior in an external field,
superconductors are classified into two categories− Type I and Type II
superconductors.

In the superconducting state a superconductor shows Meissner effect and
expels an external magnetic field from its interior, upto athermodynamic
critical field HC. The expulsion of field is independent of the experimen-
tal history ie. whether the field is applied after cooling below TC (Zero
Filed Cooling− ZFC) or the superconductor is cooled below theTC in
the presence of a field (Field Cooling− FC). While the description of the
field being excluded from the volume is reasonable, in reality the external
field penetrates to a small depth, to the so called London penetration length
λ = me√

µ0nse2
, where e and me are the charge and mass of electron andns

is the density of superconducting electrons. Inside the superconductor, the
density of superconducting electrons cannot change abruptly and changes
gradually only over a distance called the coherence lengthξ. That is there
is no sharp boundary between a normal conducting and superconducting
regions and the transition from a superconducting to normalconducting

3



4 1. Introduction to MgB2 superconductor

region takes place over a length ofξ. The coherence length has a constant
value at the core of a superconducting region and decreases gradually to
zero at the interface of normal region. The ratio of penentration depth to the
coherence length of a material is known as the Ginsburg-Landau constant
K (K = λ

ξ
). A material is a type I superconductor for the Ginsburg-Landau

constant K= λ
ξ

< 1√
2

and a type II superconductor for K= λ
ξ

> 1√
2

[3, 4, also page 19-20 of ref:12].

1.2.1 Type I superconductors

Type I superconductors expel an external magnetic field fromtheir interior,
upto a thermodynamiccritical field HC. For external fields aboveHC the
superconductor turns into normal material and allows the external fields to
penetrate to the interior of the superconductor. For fields <HC (Meissner
state) Type I superconductor acts as a perfect diamagnet so that χ = -1
and M = -H and for fields >HC (normal state)χ = 0 and M = 0. Figure
1.2 (a) shows the variations of internal field with external field for a type I
superconductor.

1.2.2 Type II superconductors

Below alower critical field HC1, a type II superconductor behaves as that
of a type I superconductor and expels any magnetic field from its inte-
rior. For fields above theHC1 the external magnetic field starts to pene-
trate into the interior of the type II superconductor in the form of quan-
tized flux vortices. These quantized flux vortices are known as fluxons and
each fluxon is a tube of radius of the London penetration depthλ(T ) in
which superconducting screening currents circulate around a small non su-
perconducting core of radiusξ(T ). The flux carried by a single fluxon is
Φ0 = h

2e
= 2 × 10−15 Wb [3, 4]. As the external field increases, more

and more flux vortices are created at the surface of the superconductor and
are penetrated into the interior, and they arrange themselves in a regular
lattice. This state, called the mixed state orvortex state is important for
the practical applications. As the fields increases further, the flux vortices
fill the superconducting matrix and thus reduce the superconducting area.
At a particular high field, called theupper critical field HC2, the entire su-
perconducting area is filled by vortices and the superconductor turns into a
normal material. For fields <HC1 (Meissner state) type II superconductor
acts as a perfect diamagnet so thatχ = -1 and M = -H, for fields >HC1

and <HC2 (mixed or vortex state) magnetic field penetrates in the formof
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1. Introduction to MgB2 superconductor 5

quantized vortices so that 0 >χ > -1 and 0 > M > -H and for fields >HC2

(normal state)χ = 0 and M = 0. Figure 1.2 (b) shows the variations of
internal field with external field for a type II superconductor. Figure 1.2 (c)
and (d) show schematic H−T phase diagrams for type I and type II super-
conductors respectively. TheHC1 is of order of 10−100 mT for most of the
type II superconductors, while they have very highHC2 values of several
tesla.

Figure 1.2:Variation of internal field with external field for (a) type I and (b) type
II superconductor. (c) and (d) shows the H-T phase diagram of typeI and type II
superconductor.

1.2.3 Vortex (mixed) state of Type II superconductors:
Flux pinning and critical current density

For a type II superconductor, in the vortex state the superconductor is filled
with fluxons. These fluxons have a normal core of quantized magnetic field
lines. The number of quantized vortices increases with external field and in

5



6 1. Introduction to MgB2 superconductor

a perfect superconducting crystal the competition betweenthe inter-vortex
repulsion and the magnetic pressure from the outside field causes the vor-
tices to arrange themselves in a regular lattice. But in realsuperconductors
there are defects, which pin the vortices, and stop from moving, disrupting
the Flux Line Lattice (FLL) [4, 5]. But with increasing temperature (T) and
field (H) the flux lines attain enough energy to depin from the pinningsites
and start to migrate to form FLL. Figure 1.3 shows a schematicdiagram of
vortex state of a type-II superconductor.

Figure 1.3:Type II superconductor in the vortex state, showing flux vortices and
the variation of superconducting electron density (nS), and the field (B) in a vortex
core. JS is the superconducting circulating screening currents associated with the
vortices.

During a macroscopic transport current flow through the superconduc-
tor, the fluxons experience a Lorentz forceFL= JC × B, in a direction per-
pendicular to both the current density and field. This Lorentz force tends
to move the flux lines. The lattice defects or imperfections can pin the
flux lines to some extend and once the Lorentz force exceeds this pinning
force, the flux lines start to move. The flux lines experience some viscous
resistance in their movement and cause energy dissipation in the supercon-
ductor. The flux flow induces an electric fieldE = nfΦ0νf (wherenf

is the number of fluxons,Φ0 is the quantum of flux andνf is the veloc-
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1. Introduction to MgB2 superconductor 7

ity of flux flow) and the transport current becomes dissipative. The flux
flow and dissipation are higher for increased temperature orapplied field.
This limits the non dissipativeJC(T, H) to a value, defined by the balance
of the pinning and Lorentz forces [page 94-102 of ref:12 and chapter 9,
page 303 of ref: 6]. Due to the flux flow, for an applied field above a limit,
called theirreversibility field Hirr , (much below the upper critical field
HC2) energy dissipation starts and hence dissipation free transport current
flow stops. In order to sustain the non dissipative current flow at high fields
and temperatures the flux lines must be pinned.

The physics and engineering of vortex dynamics and flux pinning are
highly interesting and are active research fields in appliedsuperconductiv-
ity. The atomic or crystal defects such as grain boundaries,voids, strains,
twin planes, inhomogeneities and secondary phases presentin real super-
conductors are effective pinning sites.1 The flux pinning can be improved
to maximizeJC in practical conductors bytailoring the microstructureof
the superconductor and in the optimized case theJC can enhanced by one
or two orders of magnitude in practical superconductors in technically use-
ful magnetic fields.

In a practical superconductor, there will be a large number of flux lines
interacting with each other and interacting with differentpinning centers.
The bulk flux pinning depends on the basic interactions between the indi-
vidual flux lines (flux line-flux line) and between flux lines and individual
pinning centers (flux line-pinning center). For a weak interaction between
the flux lines (the magnetic interaction between flux lines isrepulsive) the
FLL acts as a two dimensional elastic crystalline solid. In this case there
will be as many flux lines as possible are located on the pinning centers.
If the number density of flux lines is less than or equal to the number of
pinning centers (for instance in small applied fields) then each flux line is

1To nucleate a flux line within the superconductor, the systemmust provide enough energy
(This energy per unit length of flux line, called the condensation energy, is given by the
volumetric free energy due to the magnetic field within the flux line) to convert the core of the
flux line to the normal state. If the flux line is centered on a fluxpinning center such as a void
or normal conducting inclusion of radiusξ, the condensation energy needed to produce the
normal core of the flux line would be saved, and the flux line would see a lower free energy at
the location of the void than it would be in the bulk. That is, apinned vortex has a lower free
energy than a free vortex in a superconductor. The result of this free energy change is that the
flux line requires an increase in its energy per unit length equal to the condensation energy,
to move away from the flux pinning center. Thus, the flux pinningcenter holds the flux lines
from moving and hence reduces the dissipation [page-97-102 of ref: 7].
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8 1. Introduction to MgB2 superconductor

individually pinned and the bulk pinning force is large. On the other ex-
treme in which the interaction between the flux lines is strong, the FLL
acts as a two dimensional rigid crystalline solid. In this case, the bulk pin-
ning force due to a collection of randomly distributed pinning centers will
be small over the completely rigid FLL. However, for practical polycrys-
talline systems the correct description of pinning lies somewhere between
these two extremes of direct summation and rigid FLL lattice[page-97-102
of ref: 7].

1.3 Superconducting materials

Mercury (Hg) is the first material observed to be superconducting in 1911
by Kamerlingh Onnes. Now, nearly after one century of the discovery
of the phenomena, thousands of materials including metals,alloys, binary
and multicomponent compounds of metals, ceramics, doped fullerenes and
organic molecules are found to be superconducting with transition temper-
atures ranging from a milli kelvin to∼ 150 K [8–10]. Many materials,
non-superconducting under normal conditions, become superconducting
under pressure, upon irradiation or charge doping, and somematerials in
thin film form [11].

Table 1.1 gives some of the superconducting materials of various classes.
Among the simple elemental superconductors Li has the highest TC of 20
K under high pressure while Nb has the highestTC of 9.25 K under normal
conditions. Highly conducting ordinary metallic materials like Cu, Ag and
Au are non-superconductors even to the lowest temperature studied. Al
is superconducting and has aTC of 1.18 K in bulk and 3.6 K in thin film
form. Intermetallic materials with the A15 crystal structure such as V3Si,
Nb3Sn, Nb3Ga and Nb3Ge have higher transition temperatures than the
elemental superconductors. Of these A15 superconductors,Nb3Ge has a
TC of 23.2 K and this was the highestTC for a superconductor for many
decades, before the mid 80’s [chapter 3 page 59 of ref: 6]. Allthese simple
elemental, alloy and intermetallic superconductors that haveTC at or below
the∼ 23 K are known as the low temperature superconductors (LTS) and
are well explained by the BCS theory of superconductivity.

The discovery of superconductivity in copper oxide systemswas a break-
through in superconductivity research. In 1986 Bednorz andMüller re-
ported the existence of superconductivity in LaBaCuO, at a surprisingly
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1. Introduction to MgB2 superconductor 9

Table 1.1:Superconducting materials under various classifications. Data for the
table are taken from [6, 10–17]

Type/class Example TC (K)

Elements Hg 4.2
Nb 9.2
Li (under pressure) 20
B (under pressure) 11
W (thin film) 5.5
Pd(irradiated) 3.2

Amophous materials U85.7Fe14.3 1.0
Th80Co20 3.8

Alloys NbTi 9.0
MoTc 16.0

A15 type (A3B) Nb3Sn 18.0
Nb3Ge 23.2

Laves phase (AB2) ZrV2 9.6
LaOs2 8.9

Chevrel phase (ABxMo6l8) PbMo6S8 12.6
Sn1.2Mo6S8 14.2

Heavy electron systems UPd2Al3 2.0

Organic materials (TMTSF)PF6a 0.9
(BEDT-TTF)2Cu[N(CN)2]Brb 0.6

Magnetic material ErRh4B4 10

Doped Fullerenes Cs3C60 47.4
Rb2.7Tl2.2C60 45

Borides MgB2 39
ZrB12 5.82
YRh4B4 11.3

Borocarbides YPd2B2C 23

Oxides Ba0.6K0.4BiO3 30
LiTi 2O4 13.7

Cuprates YBa2Cu3O7 92
Bi2Sr2Ca2Cu3O10 110
Hg2Sr2Ca2Cu3O10 135

Oxypnictides SmO0.9F0.1FeAs 55
NdO0.82F0.18FeAs 51

a TMTSF = tetra-methyl-tetra-selenium-fulvalene
b BEDT-TTF = bis-ethylene-dithia-tetra-thiafulvalene

high TC of ∼ 30 K, [18], initiating the era of highTC superconductivity
(HTS). The discovery of superconductivity in the mixed YBaCuO com-
pound system withTC above 90 K higher than the boiling temperature of

9



10 1. Introduction to MgB2 superconductor

liquid nitrogen (77 K) was another milestone in the search for new HTS
materials [19, 20]. For years, copper oxide systems dominated the con-
densed matter field research and now a lot of HTS materials have been
discovered, withTC above 100 K.

The discovery of superconductivity in MgB2, a binary intermetallic with
an unusually highTC of 39 K by Jun Akimitsu’s group [21] in Japan in
2001 surprised the condensed matter research field. Though the TC of
MgB2 is much below the copper oxide based HTS, it generated a greatdeal
of interest in both theoreticians and experimentalists worldwide. MgB2

has the highestTC among non-cuprate oxide bulk superconductors, under
normal conditions. Recently Iron based layered compounds are found to
be superconducting withTC comparable and higher to that of MgB2. TC

values of above 50 K andHC2 values of the order of 100 T were reported
for the Iron based superconductors [16, 17, 22]. However they contain the
toxic arsenic and the fabrication into wires/tapes with better properties is
not standardised yet. MgB2 is free from most of the limitations of HTS
and has a higherTC than the presently using LTS materials.

1.4 Applications of superconductors

The unusual physical properties of superconductors resulted in some re-
markable applications in specific areas. Superconducting materials can
replace the conventional materials in many applications and with better
performance. The choice between conventional and superconductive ma-
terials is generally related to technical and economical aspects, and the
latter is the main factor limiting the widespread use of superconductors in
practical applications. However, in many fields the superconducting tech-
nology is often the only possibility for achieving the required performance.
By using superconducting components, the size and weight ofinstruments
and devices can be reduced compared to conventional techniques which is
an important issue for fields like space applications. Todaysuperconduc-
tors have a wide range of commercial and industrial applications in energy
production, storage, and its distribution, in sensor materials, in microwave
communication systems and most importantly in high field magnets. The
special issue ofSupercond. Sci. Technol.published on 15 February 2006
discusses the status and future of some major applications of superconduc-
tivity in different countries. The main application sectors of superconduct-
ing materials are tabulated in table 1.2.

10



1. Introduction to MgB2 superconductor 11

Table 1.2:General applications of superconductors

Area/Field Applications

Energy/Power: Generation
& Storage

Generators, SMES, Superconducting bearings for
flywheel storage

Energy/Power: Distribution Cables, Transformers, Currentleads, FCLs, Motors.

Magnets NMR, MRI instruments, Magnetic confinement of
plasma in Fusion reactors, Particle accelerators,
High field magnets.

Electronics In microwave filters, Digital logic circuits as RSFQ,
Sensor applications

Biomedical Detection of extremely small neuromagnetic fields,
Magnetoencephalanography (MEG), Magnetocar-
diography (MCG)

Industrial Magnets for shielding and separation, sensors

R & D Superconducting RF cavities in particle accelera-
tors, Synchrotrons and High field magnets.

Other applications Magnetic levitation, Magnetohydrodynamics,
Space applications

Superconducting magnets have exclusive uses in some commercially
available instruments like MRI instruments in medical field, and for high
field magnets for NMR and particle accelerators. NbTi is the mostly used
superconducting material for MRI magnets. For high field magnets, Nb3Sn
is mostly used and some HTS based inserts are also developed for still
higher fields. HTS based magnets inserted in high field LTS magnets
are tested upto∼ 25 T [23]. Superconducting solenoids are being used
for bending and focusing of high energy particles in high-energy particle
physics labs like BNL, CERN, DESY and the Fermi Laboratory. Besides
solenoids, superconducting RF cavities are also find applications in par-
ticle accelerators. Large-scale application of superconducting cavities to
electron and ion accelerators is established at many laboratories around the
world [24]. With the development of cryocoolers, various kinds of cryogen
free superconducting magnets with fields of the order of 20 T are now de-
veloped for practical applications [25, 26]. In fusion reactors, the plasma
temperature needed for energy production is several million degrees, and
high field superconducting magnets are required to confine the plasma.
The International Thermonuclear Experimental Reactor (ITER) project is
engaged in the development of fusion reactor and a large quantity of LTS
superconductors is being manufactured for the project [27,28].
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12 1. Introduction to MgB2 superconductor

Since the supercurrent in a superconductor persists for a very long time,
superconductors have applications in energy storage also.Superconduct-
ing Magnetic Energy Storage (SMES) can store mega joules of energy,
without resistive losses. SMES systems capable of storing mega joules of
energy has been tested and installed in various places. Theyare receiving
more importance with regard to future electrical power grids. Details of
a 3MJ/750 kVA SMES system developed by the Korea Electrotechnology
Research Institute (KERI) can be found in [29].

One of the peculiar properties of superconductivity is thatthey find
applications in extremely weak and extremely high magneticfields. Su-
perconducting magnets provides high fields while superconducting thin
films are used for the detection of extremely weak fields. The Super-
conducting Quantum Interference Device (SQUID) based on the Joseph-
son effect is the most sensitive magnetometer. SQUID based technology
is widely used for the non-invasive clinical measurements of weak bio-
magnetic fields: especially in the mapping of extremely weakmagnetic
signals from the human brain. In material science and physics research
SQUID based magnetometers are being used for magnetic characteriza-
tion of materials. The Magnetic Property Measurement System (MPMS)
and Physical Property Measurement System (PPMS) are two well-known
commercial instruments based on superconductor technology.

Superconducting cables can replace the conventional copper/aluminium
based cables in electric power transmissions. Cost of the superconducting
technology compared to the conventional is the main hurdle in the lim-
ited use of superconductors in this sector. Conductors madeof BSCCO-
2223 are being applied in variety of power transmission cables and dis-
tribution cables [30]. The world’s first high temperature superconductor
power transmission cable system in a commercial power grid system was
energized recently in New York, USA.1 Another major application of su-
perconductors in electric power grid is for the control of fault currents in
electrical transmission and distribution networks, as Superconducting Fault
Current Limiters (SFCL). Fault Current Limiters (FCL) restrict the maxi-
mum current through a network and protect the devices from anaccidental
over current. Several groups are actively involved in developing SFCL for
industrial applications. A 1.2 MVA 10.5 KV Bi2212 LN2 cooled SFCL

1The 138 kV, ∼ 609 m cable system is the longest superconducting
system in the world energized on 22 April 2008. Information isfrom
www.amsc.com/pdf/HTSC_AN_0109_A4_FINAL.pdf
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has been developed and commissioned for protecting a hydroelectric plant
auxiliary transformer circuit [page 547 of ref: 7].

Superconducting thin films are finding more applications in electronic
industry. Rapid Single Flux Quantum (RSFQ) is an emerging digital elec-
tronics technology that relies on quantum effects in superconducting ma-
terials to switch signals, instead of transistors. The quantum pulses are
switched by Josephson junctions. Superconducting components such as
resonators, filters and delay lines with performance far superior to conven-
tional technology are being widely used in microwave electronics. HTS
microwave technology is a promising one, especially at frequencies below
3Hz. Another important application of superconductors is magnetic levi-
tation in transportation (eg: Maglev trains). For maglev systems YBCO is
preferred, since it exhibits high magnetic irreversibility field at LN2 tem-
peratures and has the ability to grow into large grains. Due to the expul-
sion of magnetic field in the superconducting state, a superconductor can
be used for magnetic shielding applications.

Among the various applications described above MgB2 has the potential
of replacing existing superconductors in many fields with improved per-
formance and/or low cost. The possible applications of MgB2 conductors
include magnets for MRI, fusion reactors, high energy particle acceler-
ators, and for future high field magnets. Other possible applications of
MgB2 includes superconducting transformers, motors, generators, SMES
and particularly in SFCLs. Besides the conductor applications MgB2 thin
films/junctions can find a place in future electronics also.

1.5 Relevance of MgB2
As discussed in the previous section superconductors have important prac-
tical applications in many fields. The present and future applications have
two potential market for superconducting wires: high field magnet appli-
cations (such as NMR, MRI magnets, magnets for particle accelerators and
plasma confinement in fusion reactors) and electrical powersector (appli-
cations such as transmission cables, SMES, transformers, FCLs, motors,
generators).

Though thousands of materials are found to be superconducting, only a
handful of them are useful for practical applications. Table 1.3 compares
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14 1. Introduction to MgB2 superconductor

Table 1.3:Properties of MgB2 and other practical superconductors. Order ofJC

values are at 4.2 K, in self-field.HC2 values are at 4.2 K. Data are taken from
[16, 31–38]

Material TC Anisotropy JC HC2 ξ(0) ρ(atTC)
(K) (A/cm2) (T) (nm) µΩcm

NbTi 9 Negligible 106 11-12 4-5 60
Nb3Sn 18 Negligible 106 25-29 3 5
Nb3Al 20 Negligible 106 30-45 4-5 10-60
MgB2 39 1.5-5 106 30-40 5-12 0.4
FeAs based 25-56 8-15 105 25-100 2-10 200-104

Bi2223 110 50-200 107 >100 1.5 40-60
YBCO 92 5-7 106 >100 1.5 150-800

some of these superconducting materials with MgB2. The most widely
used commercial superconductors are NbTi and Nb3Sn, two LTS mate-
rials. NbTi, having aTC of 9 K and HC2 (4.2 K) ∼ 10-12 T, has high
strength and ductility and is easy to fabricate into long wires. NbTi occu-
pies most of the low field magnets in commercial MRI instruments. The
high energy physics (HEP) community and the MRI industry arethe main
consumers of NbTi over the years. The use of NbTi is limited tofields<
10 T and the operation of NbTi needs liquid helium temperatures, which
makes its use costly. Nb3Sn has aTC of ∼ 18 K andHC2 (4.2 K) of more
than 20 T and is used in low temperature high field magnets. Though it of-
fers much higher fields and operating temperature compared to NbTi, it is
brittle, quite sensitive to strains and difficult to fabricate, and hence more
costly than the NbTi. Both NbTi and Nb3Sn had undergone many years
of research and are commercially available. Another A15 material Nb3Al
with much higher field capacity and strain tolerance than theNb3Sn is con-
sidered for conductor development. Nb3Al has aTC of 20 K andHC2 of
40 T at 4.2 K. However the manufacturing of Nb3Al conductor with good
properties is extremely difficult and it will take few more years to enter into
the commercial market. The nearly discovered FeAs based materials show
superconductivity withTC 26-55 K andHC2 values 20-100 T, however the
preparation of quality wires/tapes based on these materials is extremely
difficult.

Most of the HTS materials haveTC above 77 K and higherHC2 val-
ues than the LTS. But the HTS conductors faced many technicalproblems
in making wires and coils. Their conductor fabrication is not so easy as
compared to the LTS materials and needs costly Ag as sheath material and
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1. Introduction to MgB2 superconductor 15

the field performance at higher temperatures is not promising. The most
important and commercially interesting HTS are BSCCO (Bi-2223 and Bi-
2212) and YBCO (Y123). Bi-2223 has aTC of 110 K, Bi-2212 has aTC of
∼ 85 K, and theTC of YBCO is∼ 92 K. TheHC2 of all the three HTS is
more than 100 T at 4.2 K. BSCCO conductors are fabricated in tape geom-
etry using the Powder-In-Tube (PIT) method. Ag sheathed BSCCO con-
ductors known as the first generation HTS conductors are being commer-
cially produced by a number of companies like American Superconductors,
Sumitomo Electric Industries Ltd etc. Coated conductor technique is most
suitable for YBCO. YBCO based coated conductor is considered as the
second generation HTS conductors. HTS have high anisotropyand hence
the current carrying capacity is low in untextured conductors. Due to their
high anisotropy, for practical applications, for BSCCO uniaxial and for
YBCO biaxial texturing is preferred. The HTS materials alsohave weakly
connected grain boundaries so that the intergrain connectivity is also a big
problem. For YBCO conductors grain orientation is also important.

MgB2 has a higherTC of 39 K as compared to the conventional LTS
and is free from most of the limitations of HTS. Thus comparing with
currently using LTS, NbTi and Nb3Sn, MgB2 has the advantage of higher
TC andHC2. Compared to most of the HTS MgB2 has aTC two to three
times lower. The main advantage of MgB2 compared to HTS is that in the
bulk polycrystalline form it exhibits a critical current density three orders
of magnitude higher than polycrystalline HTS. MgB2 has weak link free
grain boundaries and the grain boundaries act as strong flux pinners. Doped
MgB2 wires have already reachedHC2 values as high as 33 T, higher than
that of Nb3Sn and a record high value of 55 T in coated fibers [39]. Figure
1.4 shows a comparison of H-T phase diagram of typical MgB2 with the
NbTi and Nb3Sn. Primitive Powder-In-Tube conductors of MgB2could
attain nearly 106 A/cm2 critical current densities in self field at 4.2 K.
Experiments on thin films suggest more than 10 times higherJC values
for wires or tapes with smaller grain size, full density, andperhaps with
suitable additives. MgB2 based magnets are already tested for low field
applications and MgB2 seems to be the most promising material for next
generation high field magnets and a strong competitor for Nb3Sn and NbTi.

Good quality MgB2 conductors with high critical current density can be
prepared with heat treatment of PITin situ wires/tapes at 600-800◦C for
5-30 minutes. This is really an advantage from an industrialpoint of view
since many of the HTS and LTS need much higher temperatures and/or
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Figure 1.4:Comparison of H-T phase diagram of typical MgB2 and the LTS.

durations for manufacturing. The density of MgB2 is 2.6 g/cm3, much
lower than other superconductors and ordinary copper. Thismakes MgB2
suitable for specific light-weight applications, such as space application.
Both Mg and B, the reactants of MgB2 and the sheath materials used are
inexpensive. Thus MgB2 is economical for practical applications and the
cost/performance ratio for MgB2 is much lower than other superconductors
[40, 41].

MgB2 is most suited for applications around 20-25 K were cryocoolers
can be used for cooling. Several manufacturers have alreadyfabricated sta-
bilized MgB2 conductors in kilometers of length both byex situandin situ
method, for various applications (review articles [42–44]). Industrial scale
production of MgB2 conductors has started by manufactures Hyper Tech
Research Inc., Columbus, Ohio and Columbus Superconductors, Genova,
Italy. One of the major applications of MgB2 in the near future is for MRI
magnets. MRI instruments based on MgB2 operating at 20-25 K using
cryogen free cryocoolers will be more economical than the conventional
NbTi based MRI instruments. Laboratory scale as well as demonstration
level MgB2 based MRI systems with high performance and low price are
developed in many countries [45]. Based on the use of MgB2 conductors
supplied from Columbus superconductors, ASG superconductors together
with Paramed Medical Systems recently constructed an open MRI system
[46].

MgB2 has also applications as current leads and fault current limiters in
specific areas. The first application of MgB2 conductors as current leads
was realized on the Japanese satellite ‘Suzaku’ which was launched in July
10, 2005 in Japan. Ultra thin MgB2 conductors with diameters down to
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50µm have been developed for the current lead and liquid hydrogen level
sensor applications [47]. With operational advantages at intermediate tem-
perature (20-30 K) and low cost, MgB2 is very attractive as a cost effective
FCL. Work has been reported on the current limiting properties of MgB2

wires at 50 Hz in the 20-30 K range [48, 49]. MgB2 based FCL can be
a strong competitor for the inductive FCL coils using HTS conductors.
MgB2 based thin films and tunnel junctions are being fabricated with rea-
sonably good properties for applications in electronics and allied areas. For
RSFQ applications, a reliable MgB2 technology could boost superconduct-
ing electronic applications. The two band gap nature of MgB2 can also be
exploited for novel applications [50].

In a nutshell MgB2 is quicker (formation), cheaper (cost/performance)
and better (for specific applications) compared to many of the practical
superconductors.

1.6 Properties of MgB2 superconductor

Magnesium diboride (MgB2) is a binary intermetallic compound with a
simple hexagonal crystal structure (AlB2 type structure). It is a brownish-
black material, known since early 1950’s to the materials science commu-
nity and is even commercially available. In 1953 Jones and Marsh [51]
and Russellet al [52] reported the formation of MgB2 phase with the in-
teraction of Mg and amorphous B in hydrogen and/or argon atmospheres.
For the Mg−B system, besides the MgB2 phase, many observed/proposed
formation of other magnesium boride phases such as MgB4, MgB6, MgB7,
MgB12, MgB20 etc [52–57]. Now, formation of the four phases MgB2,
MgB4, MgB7 and MgB20 are well established [55–57].

1.6.1 Crystal structure of MgB2

MgB2 has hexagonal crystal structure (figure 1.5) with space groupp6/mmm
[12], which is common among diborides. The boron atoms form graphite
like honeycomb network and the Mg atoms are located at the pores of these
hexagons. In the unit cell the atomic positions are (0,0,0) for Mg (Weizkoff
symbol 1a) and (1

3
, 2

3
, 1

2
) and (2

3
, 1

3
, 1

2
) for B (Weizkoff symbol 2d) atoms

[58, 59]. The coordination polyhedra are (B12Mg8) for Mg and (Mg6B3)
for B. The lattice parameters are a = 3.084 Å and c = 3.524 Å and the inter
atomic distances are: B-B intralayer 1.780 Å, Mg-Mg intralayer 3.084 Å,
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Figure 1.5:Crystal structure of MgB2.

Mg-Mg interlayer 3.524 Å and Mg-B 2.5 Å [12, 59]. The in-planeB-B
distance is almost half that of the inter-plane B-B distance.

1.6.2 Physical and superconducting properties of MgB2
MgB2 is a brittle material like the HTS materials. Typical polycrystalline

MgB2 has a grain size of 10 nm-10µm [60–64]. The anisotropy of MgB2
is 1.5-5 [32–34] and is low compared to the highly anisotropic HTS. This
low anisotropy means there is no need of texturing as in the case of HTS
for making wires with highJCs. The coherence length of MgB2 is ∼ 5-12
nm and the penetration depth is 100-140 nm with a GL factor of K∼ 26
[35] at absolute zero. Due to the large coherence length, higher than the
inter atomic spacing, the weak link problem is not severe in MgB2. MgB2

has two superconducting gaps in the superconducting state,∆1 ∼ 5-7 meV
and∆2 ∼1.5-2.0 meV [65, 66].

MgB2 has a very sharpTC around 39 K [12, 66] and has a very narrow
transition width of less than 1 K. TheTC of MgB2 is nearly double that of
Nb3Sn and nearly four times that of NbTi but still much lower thanthe liq-
uid nitrogen temperature. The isotopic B10 substitution slightly increases
theTC to 40.25 K [67]. The research for enhancing theTC by substitutions
of aliovalent and isovalent atoms with different radii hasn’t given satisfac-
tory results as expected. Most of the substitutions resulted in a decrease of
TC. The substitution of Al to the Mg site and C to the B site reduced the
TC and the superconductivity is lost for higher doping [68–70]. The substi-
tution of Al caused a structural transition at higher levels[68]. The normal
state of MgB2 is metallic and the normal state resistivity is much lower
than that of other superconductors. For clean MgB2 samples a very low
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normal state resistivityρ(TC) of 0.4µΩcm and a high Residual Resistivity
Ratio (RRR) of∼ 20 are observed [71].

MgB2 is a type II superconductor and is well within the clean limitof
superconductivity. The depairing current density is∼ 107 A/cm2 [72], one
order of magnitude lower than that of the HTS materials. The observed
transport critical current densities are of the order of 106 A/cm2 at 4.2 K
in self field,∼3.8× 104 A/cm2 in 6 T and 104 A/cm2 in 8 T [73]. The
transportJC is of the order of 104 A/cm2 at 30 K in 1 T field [74]. For Cu
stabilized multifilamentary conductors a transportJC of 1.75× 105 A/cm2

was measured at 5 T, 4.2 K [75]. The intergranularJC of MgB2 is also
high compared to HTS materials. Pure MgB2 has low lower critical field
HC1(0) of less than 50 mT [76, 77], upper critical fieldHC2 of 15-20 T
and irreversibility field 6-12 T [35, 71, 76, 78] at 4.2 K. Doped conductors
have highHC2 and the maximumHC2 observed for SiC added MgB2 wires
is 33 T, much higher than that of the Nb3Sn [79].

1.6.3 Advantages of two gap superconductivity

MgB2 is the first superconductor which showed two distinct energygaps in
the superconducting state. The two energy bands arise from theσ (formed
from thesp2 hybrids of boron2s andpx,y orbitals) andπ (originated from
the boronpz orbital) bands. For a detailed description of the origin of su-
perconductivity and the energy bands please see the review article [80].
From an application point of view the two gap nature is significant and a
detailed discussion on this is presented in [81]. For the single band LTS in-
crease inHC2(0) is expected by the introduction of charge-carrier scattering
impurities into the lattice structure. The charge scattering causes decrease
in coherence length and increase in theHC2 values. This rule is used for
the design and manufacturing of LTS materials over the years. Being a two
band superconductor, MgB2 has three scattering channels with different
scattering rates: the intra-band scattering within theσ andπ bands and the
inter-band scattering between theσ andπ bands. Tuning of these inter and
intra band scattering rates make it possible to achieve highHC2 values in
MgB2, much beyond to the reach of NbTi and Nb3Sn. Some best MgB2
polycrystals have shownHC2 of 40-50 T and highestHC2 of ∼ 74 T was
reported for a thin film [82].
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20 1. Introduction to MgB2 superconductor

1.7 Critical Issues (major challenges) of MgB2
For commercial applications of MgB2 multifilamentary conductors with
large number of fine filaments having highHC2 andJC(T, H) values must
be produced in long lengths at a low cost. The fabrication of long length
MgB2 wires is relatively easy and more economical. However thereare
many critical issues, which are to be addressed seriously. These include the
fabrication of good quality long length conductors or cables at a reduced
cost and the improvement in the performance of the conductors.

1.7.1 Issues regarding fabrication

Phase purity and homogeneity of the superconductor are important factors,
which need some attention in the fabrication of long length conductors.
Since Mg is highly volatile and has strong affinity to oxygen in thein situ
fabrication, Mg loss and MgO formation are the main causes for the in-
homogeneities and impurities. Mg loss can cause non-stoichiometry and
the formation of higher borides (like MgB4 or MgB7) as impurites. For-
mation of MgO and other impurities limits the active currentcarrying area
and weaken the grain connectivity and hence reduces the critical current
density [12, 83, 84]. Many prefer synthesis in excess Mg environment and
inert/vacuum atmosphere to compensate the Mg loss and oxidation.

The wide difference in melting points of Mg (650◦C) and B (2080◦C)
doesn’t favor solid-solid or liquid-liquid reactions. Thesinterability of
MgB2 grains are poor also. Thein situ samples formed by the liquid-solid
reaction of Mg and B are highly porous and have low density compared to
the theoretical density of MgB2. This is mainly due to the voids remain-
ing from the prior Mg particles during the MgB2 formation (VMg + V2B >
VMgB2) [84]. The high porosity also limits the grain connectivityand hence
the intergrain current transport [84]. More research and new techniques are
needed to decrease the porosity and to increase the density of the samples.

Another problem with the fabrication is the reactivity of Mgwith most
of the commonly used sheath materials. The reacted secondary phases at
the sheath core interface act as barrier for the current transfer from the
outer sheath to the superconducting core and also restrictsthe local heat
developed to flow out to the sheath, during a possible quenching. Barrier
materials such as Nb or Ta can reduce the reaction between thecore and
sheath, but both Nb and Ta are expensive. Another major obstacle for
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practical MgB2 conductors is the insufficient thermal stabilization, leading
to quenching of the conductor in high currents. Conductive Cu gives better
thermal stabilization for LTS materials and Ag for Bi based conductors.
For MgB2 also Cu sheath with Nb or Ta barrier and SS or Fe reinforcement
can have good thermal stabilization and mechanical strength.

1.7.2 Issues regarding property improvement

Though MgB2 has high self fieldJC comparable to NbTi and Nb3Sn at
low temperatures, theJC falls rapidly with field and temperature, due to
poor vortex pinning, and low irreversibility field. Since MgB2 has a rigid
lattice with two simple elements in the structure, the density of defects
produced during synthesis is too low to provide sufficient flux pinning at
higher fields. Only grain boundaries are effective pinning centers in pure
MgB2, thus MgB2 samples with fine grains are needed for better proper-
ties. The irreversibility field of MgB2 is only half of its upper critical field
(Hirr ∼ 0.5× HC2), whereas for NbTi and Nb3Sn the irreversibility field
is close to their respective upper critical fields (Hirr ∼ 0.8 × HC2). The
low irreversibility field and poor flux pinning cause rapid decrease inJC

at high fields. This limits the temperature and field range where MgB2

could be superior to Nb3Sn to above 10 K and 2-3 T. In order to compete
with the Nb3Sn for liquid helium temperature applications, theJC(H) of
MgB2 must be improved. This can be achieved by improving the flux pin-
ning at high fields, increasing theHirr and decreasing the electromagnetic
anisotropy etc [84–86].

1.8 Synthesis of MgB2 superconductor

During the last 8-9 years, various fabrication/preparation methods are used
to synthesis MgB2 based superconductors in bulk, powder, thin film, wire,
tape as well as single crystal forms. Since the present work focuses on
bulk and wires/tapes the details of which only are discussed. MgB2 based
superconductors are prepared either by sintering of commercially available
MgB2 powder or from elemental Mg and B powders. Preparation of MgB2

based superconductors using commercial/as-prepared MgB2is known as
ex situwhile from Mg and B powders/sources is known asin situ method.
Bothex situandin situhave their merits and demerits.
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22 1. Introduction to MgB2 superconductor

In the ex situmethod the commercial MgB2 powder is pelletized and
heat treated at elevated temperatures of 800-1200◦C for 1-5 hours in vac-
uum or inert atmosphere. The final properties ofex situsamples depends on
the quality of commercially available powder. Theex situMgB2 has better
homogeneity and higher density than thein situ one. However for better
superconducting properties theex situsamples need much higher sintering
temperatures and the doping of other elements is restrictedcompared to the
in situ samples. Thein situ method produces MgB2 with low density, but
has the advantage of easy tailoring by chemical addition/doping for better
superconducting properties.

1.8.1 Bulk samples

Several synthesis procedures are reported for the preparation of in situ
MgB2 bulks with relatively low temperature and short durations of heat
treatments [87–94]. The starting materials are Mg in powder/flakes/chips
and amorphous/crystalline B in powder forms. Some groups use MgH2

powder as Mg source [87, 88]. For thein situpreparation the starting mate-
rials (either pellet or powder mixture) are enclosed in Nb/Ta/Fe/SS/Quartz
tubes/foils/ampoules and heat treated at 650-1000◦C for 30 min-5 hours
in vacuum or hydrogen/argon atmospheres. Considering the oxidation and
vapor loss of Mg many prefer excess Mg environments also. Suitable sin-
tering aids or mechanical alloying/ high energy milling arefound to en-
hance the formation of MgB2 phase at relatively lower temperatures with
improved superconducting properties [89–92].

High energy ball milling allows reduction of particle size and more ho-
mogeneous mixing of the ingredients. Many groups now use this technique
for the preparation of doped and undoped MgB2 bulk samples, with fine
grains and hence better superconducting properties. Contamination from
the bowl, ball and milling media and particle agglomerationare two main
hurdles of this method, and the performance of mechanicallyalloyed or
high energy ball milled samples depends on various factors like nature and
size of the ball and bowl, ball to powder ratio, speed and milling duration
and the milling medium [91, 92].

Most of thein situsamples prepared by these methods have high poros-
ity and very low density (only 50% of theoretical density in many cases).
Methods like high pressure sintering (HPS) [76, 95, 96], hotisostatic press-
ing (HIP) [97, 98] and double step sintering (2-stage sintering) [99, 100]
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are used to get highly dense MgB2 bulk samples. Both high pressure sin-
tering and hot isostatic pressing use high pressure for the densification and
reduction of porosity. In these methods the precursor is subjected to high
pressures of 0.5-5 GPa during the high temperature heat treatment at 700-
1000◦C. The reported properties after HPS or HIP synthesis show some
scatter with respect to the pressing system. The main advantage of this
technique is the possibility of producing extremely high dense MgB2 sam-
ples: even density close to 100% were prepared for anex situsample by
this method. The main disadvantage is the sophisticated andcostly in-
struments, which also limit the sample dimensions used for the method.
Though the method is most suitable for bulk samples, some groups used it
for small length wire/tapes with limited success. The reactive liquid Mg in-
filtration technique introduced by EDISON SpA (Italy) can produce bulk
MgB2 samples of different shape with higher densities. The method in-
volves the reaction of liquid Mg with the B powders in a closedmetallic
container [101].

1.8.2 Wire and Tape samples

Over 50 years of conductor fabrication in LTS and 20 years of experience
in HTS, helped researchers, to fabricate MgB2 conductors of long length
soon after the announcement of superconductivity in the material. Some of
the fabrication techniques used for LTS and HTS can be applied to MgB2

also. Diffusion of Mg into B fibers or wires, coating technique and Powder-
In-Tube (PIT) method are employed for the fabrication of MgB2 based
conductors. Of these, PIT is the most popular and industrially preferred
method.

Diffusion method

Mg diffusion into B wires is a relatively easy method by whichcommer-
cially available B fibers or wires can be converted into superconducting
MgB2 wires. The first superconducting MgB2 wires were prepared by this
method [71]. Cunninghamet al [102] also prepared MgB2 wires by diffus-
ing Mg into tungsten cored B fibers. By infiltrating a preform of B fibers
with liquid Mg and subsequent reaction at elevated temperatures DeFouw
et al [103] fabricated composite MgB2 wires of several hundred continu-
ous fibers within an Mg matrix. The phase homogeneity of the conductors
produced by diffusion is poor and the method is suitable for short samples
and the feasibility of making long length conductors needs to be studied.
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Coating techniques

Coated conductor technique is a well known process, widely used for the
fabrication of commercially available YBCO conductors. For MgB2 high
HC2 andJC values in applied fields are observed in thin films [12, 104]
and so coated conductor technique is being tried in some labs. K. Komori
et al [105] used sputtering technique to make MgB2 coated conductor in
hastelloy substrate with Yitria Stabilized Zirconia (YSZ)as buffer layer.
The carbon alloyed MgB2 coated conductor fabricated by Hybrid-Physical-
Chemical Vapour Deposition (HPCVD) on SiC fibers with tungsten core
by Ferrandoet al showed a highHC2 of 55 T and high irreversibility field
of 40 T at 1.5 K [39]. Using a new processing technique called the Molten
Salts Electro Plating (MSEP) MgB2 can be coated to stainless steel (SS)
[106] substrate which gives higher chemical stability, higher plasticity and
higher heat conductance than the widely used ceramic substrates. Even
though the superconducting properties of coated conductors are normally
superior to conductors fabricated by other techniques, thescaling up of this
technique is not straight forward compared to the widely used PIT process.

Powder-in-tube (PIT) method

Powder-in-tube method is the most popular method for achieving good
quality wires of HTS Bi-2212 and Bi-2223. In PIT the precursor powder
is filled in various metal tubes or sheaths [43, 44, 47, 60, 107–113]. The
filling can be in air [107] or in an inert atmosphere [108]. These tubes
are then mechanically rolled/extruded/drawn into desiredsize and shape
followed by heat treatment. Heat treatment is usually done in vacuum or
oxygen protective atmosphere. Intermediate annealing relives the stress
developed during drawing or rolling. In the case of MgB2 the metallic
sheath chosen must be chemically compatible with the MgB2 and should
not degrade the superconductivity.

PIT techniques can be used for fabricating multifilamentaryconduc-
tors, which withstand larger uniaxial and bend strains thansingle filaments
and exhibit a higher thermal stability. Hyper Tech Researchdeveloped a
modified PIT process for low cost continuous production of MgB2 wires
[42, 43]. In the method, known as continuous tube forming/filling (CTFF)
process, the precursor powder is dispersed on to a strip of metal as it is
being continuously formed into a tube. The filled overlap closed tube is
then inserted into hard metallic tubes as in PIT and drawn into the desired
dimensions, followed by appropriate heat treatments.
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PIT method is the most preferred for manufacturing long length multi-
filamentary MgB2 conductors. Long length conductors in wire geometries
(circular, square or rectangular cross sections), with filaments upto 61 have
been fabricated. Some solenoid and racetrack coils are alsodemonstrated
using PIT MgB2 conductors. Hyper Tech Research Inc. and Columbus
Superconductors are producing multifilamentary stabilized MgB2 conduc-
tors with different geometries and sheath combinations. The critical cur-
rent density for good quality wires/tapes is 106 A/cm2 at self-field and 104

A/cm2 at 10 T, both at 4.2 K. At 20 K and self field the typical samples
have aJC of 105 A/cm2 [42–44].

1.9 Improvement of Flux pinning and in-field
critical current density in MgB 2

In the mixed state (vortex state) a superconductor is filled with quantized
vortices (fluxons). In isotropic superconductors such as NbTi and Nb3Sn
the vortex lines are continuous and no decoupling occurs. But in HTS
compounds at high temperatures and fields the 3D vortex linesmelts into
2D pancake vortices [114] which are weakly coupled, whose circulating
screening currents are mostly confined within the superconducting CuO2

planes. In the case of MgB2 the vortices are line like similar to that of LTS
and there is no such decoupling of the vortex lines. As discussed earlier,
in applied fields the fluxons tend to move during transport current flow
through the superconductor. The movement of fluxons causes adrastic
decrease in theJC in applied fields. In order to sustain highJC values in
applied fields, the movement of fluxons must be stopped. ie. the flux lines
must be pinned.

Pinning centers in conventional methods of fabrication of low TC super-
conductors are developed by modifying the thermomechanical processing.
Finely dispersed nanosized nonsuperconductingα-Ti phase precipitated
during heat treatment is strong flux pinners in NbTi [115, 116]. For effec-
tive pinning the typical thickness of theα-Ti phase must be 1-4 nm with a
separation of 5-20 nm. In the case of Nb3Sn, grain boundaries are the dom-
inant pinning centers [117]. TheJC of Nb3Sn is observed to be inversely
proportional to the grain size [117] at low fields. Synthesisof Nb3Sn at low
temperatures helps the formation of Nb3Sn phase with fine grain sizes, in-
creases number of grain boundaries andJC at high fields. In HTS materials
grain boundaries, growth dislocations, crystal structural non uniformities,
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26 1. Introduction to MgB2 superconductor

impurity phases, precipitates, oxygen vacancies and othermicrostructural
defects can act as effective pinning centers [118–120]. Theintroduction
of secondary phases or normal impurities to the superconducting matrix
improves the flux pinning property of HTS materials [121].

Grain boundary pinning, like in Nb3Sn is the dominating pinning mech-
anism in MgB2 [61, 122–124] and the pinning improves with reduced grain
size [125]. In MgB2, since lattice structure is rather rigid and the number
of elements in the structure is only two, the density of defects introduced
by preparation procedures is too low to provide effective flux pinning. Pin-
ning in pure MgB2 is mainly provided by grain boundaries. It is found
that in MgB2 the aperiodic semicrystalline defects traped in the crystalline
phase act as intense vortex pinning centers and significantly enhance the
high field performance of MgB2 [126]. Inclusions and doping can improve
the flux pinning of MgB2 strongly.

Irradiation of high energy radiation introduces artificialdefects (point
or extended) in a crystal. In the case of MgB2 superconductor this type
of intentionally introduced defects can act as strong flux pinners and also
scattering centers: both improve the in-fieldJC as well as theHC2. Bu-
goslaviskyet al [127] improved the high fieldJC of MgB2 by producing
atomic scale defects by proton irradiation. Similar results of highly en-
hancedJC and HC2 were observed for neutron irradiated samples [128,
129]. Though theJC andHC2 increases, the irradiation technique is not
easily scalable for large scale production of long length conductors. So
far chemical addition/doping is most suited and preferred method for the
introduction of pinning centers in practical superconductors.

Chemical addition/doping for improving JC(H) and HC2

Chemical addition/doping, like in other practical superconductors is an ef-
fective and easy method for modifying the properties of MgB2. Doping
may change the reaction kinetics, grain growth and hence themicrostruc-
ture. Doping can cause crystalline and microstructural changes, create lat-
tice defects/disorders and cause formation of non superconducting precip-
itates or inclusions in the superconductor matrix. All these defects can act
as flux pinning centers and can increase theHC2 andHirr values and hence
enhance the in-fieldJC of MgB2. A large number of additives/dopants
have been introduced into MgB2 aimed for the improvement of its super-
conducting properties. Some of them have negative effects,while most
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have positive effect and a few significantly improved the superconducting
properties in MgB2. Though it is not possible to describe all of them, an
overview and summary of the effects of chemical addition/doping in MgB2

is given here.

Various nano/submicron sized particles and materials having quite dif-
ferent physical and chemical properties where introduced into MgB2. These
dopants include metallic elements, carbon (in various forms like nanopow-
ders, nonotubes, graphite and diamond), carbides, silicides, borides, oxides
and some hydrocarbons have been introduced into MgB2 (see the exten-
sive reviews [84, 85, 130–134] and references therein). These dopants
improved the flux pinning andJC(H) of MgB2 to different extents. The fi-
nal properties of doped MgB2 depend on the chemical nature of the dopant
and its distribution in the superconductor matrix. Generally carbon based
dopants like nano C, SiC, B4C and some hydrocarbons etc give betterJC

and HC2 in MgB2 and nano SiC gives the best perforamnce among the
dopants [84, 85, 130–134]. Table 1.4 shows some of the types of dopants
introduced on MgB2.

Table 1.4:Different types of additives/dopants added to MgB2. Data are taken
from [84, 85, 130–133]

Metalic Metal Hydrides Carbon based

elements oxides Nitrides C (in Carbides Organic
Borides different materials
Silicides forms)

Ti MgO Si3N4 nano C SiC Sugar
Zr SiO2 WB diamond TiC Paraffin
Ag TiO2 ZrB2 graphite WC Malic acid
Al Al 2O3 NbB2 C nanotubes B4C Maleic anhydride
Fe Fe2O3 TiB2 Silicon oil NbC Toluene
Cu Co3O4 CaB6 Ca2CO3 Mo2C Ethanol
Mo Y2O3 WSi2 Na2CO3 Acetone
Co Ho2O3 ZrSi2 Tartaric acid
Ni Dy2O3 Mg2Si Ethyltoluene
La Pr6O11 ZrH2

Of the several metallic and non-metallic elements added into MgB2 only
C and Al entered into the lattice site: C substitutes at the B site and Al
substitutes at the Mg sites. C substitution at B site alteredtheσ andπ scat-
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tering channels and strongly enhanced theHC2 andJC(H) of MgB2. The
metals Ti and Zr are reported to have some positive effect on theJC(H) of
MgB2 [135, 136]. Ti is found to be a good grain refiner in MgB2, which
absorbs the impurities (mainly oxides at grain boundaries)and hence im-
prove the grain connectivity [137]. Similar results of grain refining have
been observed with the dopants Zr, Ta and CaB6 [85]. Materials like Mn
and Fe are reported to substitute at Mg site, but only at very low concentra-
tions. Being a magnetic material Fe doped as nano Fe reduced theJC(H)
of MgB2 significantly [138]. While most of the other metals (Cu, Ag, Au,
Ni ...) reacted with Mg/B to form intermetallics. These secondary phases
reduces the grain connectivity and superconducting volume. So, many of
these metallic dopants reduced theJC(H) than enhancing [60].

As stated earlier C successfully enters into the B site and modifies the
electronic and superconducting properties of MgB2. The substitution of C
supplies one additional electron to the B plane, mean while due to the small
covalent radii of C compared to B, the substitution locally distorts the lat-
tice. This reduces theTC with C substitution while enhances the scattering
significantly. In MgB2 the HC2 is strongly affected by the scattering and
hence C substitution causes theHC2 to increase significantly. The lattice
strains and distortions due to substitution can act as good flux pinning cen-
ters. Both these improve theJC(H) in C substituted MgB2 significantly.
Today a tyical C substituted MgB2 tape has aJC value > of 104 A/cm2 at
field 10-12 T and 4.2 K [139, 140], more than one order higher than that
of undoped sample. C alloyed MgB2 fibre showed a highHC2 of ∼ 55 T at
1.5 K [39] and∼ 70 T is predicted for C doped thin films [82].

A significant breakthrough happened when Douet al reported strong
improvement in theJC(H) by nano SiC addition [141–143]. Nano SiC im-
proves theJC(H) andHC2 of MgB2 significantly, at all the temperatures,
without decreasing theTC much. Now nano SiC is the best dopant for
MgB2 superconductor which gives consistently high in-fieldJC(H) values.
In their work Douet al [142] observed that compared to the undoped sam-
ple, JC for the 10 wt% SiC doped sample is higher by a factor of 32 at 5
K and 8 T, 42 at 20 K and 5 T, and 14 at 30 K and 2 T. At 20 K and 2 T,
theJC for the doped sample is 2.43× 105 A/cm2, which is comparable to
JC values for the best Ag/Bi-2223 tapes. A typical nano SiC doped MgB2

conductor has aJC value higher than 104 A/cm2 at 4.2 K andHC2 values
of > 33 T are reported for nano SiC doped wires [79]. Matsumotoet al
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[144] reported aHC2(0) value exceeding 40 T for SiC doped MgB2 bulk
samples, sintered at a temperature as low as 600◦C.

Compared with elemental C addition nano SiC needs only a lower re-
action temperature for better C substitution. The doped samples have im-
provedJC(H) values both at low temperatures and high temperatures, with-
out much reduction inTC. Even for the 30 wt% of SiC additionTC of
MgB2 is lowered by only 2.6 K [142], for C doping theTC falls sharply
with C content. The enhancement ofJC(H) in MgB2 by SiC addition is
explained by the dual reaction model [131, 132]. SiC decomposes and re-
acts with Mg (forms Mg2Si) for temperatures as low as 650◦C and release
fresh C which subsequently substitutes at B site. The C substitution at B
site enhances the scattering and hence theHC2. The SiC addition results
in a large number of nanometer sized (5-30 nm) dislocations within the
MgB2 grains [141, 142] and these dislocations can strongly pin the flux
lines. When SiC reacts with liquid Mg and amorphous B at the reaction
temperature, the nanoparticles of SiC will act as nucleation sites to form
MgB2. The other nonsuperconducting reacted phases such as Mg2Si, BC,
SixByOz along with unreacted SiC will be incorporated within the grains as
inclusions [64, 141, 142]. These highly dispersed reaction-induced prod-
ucts also contribute to the flux pinning [141, 142]. Thus the improvement
of both HC2 and flux pinning occurs as a result of SiC addition, which
consequently enhances the in-fieldJC significantly.

Realizing the strong positive influence of C on MgB2 many groups tried
various forms of C based dopants. These include nano carbon,carbon
nanotubes (monowalled, double walled and multi walled), graphite and di-
amond. All these types resulted strong improvement in theHC2 andJC of
MgB2. In many of these dopants including nano C powder, a higher sinter-
ing temperature (900-1000◦C) favors better C incorporation into the lattice
and better superconducting properties. One main limitation of C substitu-
tion is the reduction ofTC and hence a strong improvement ofJC(H) is
obtained only in low temperatures (< 10 K). For higher temperatures (> 25
K) the enhancement is not very significant. Using nano C powder, graphite
or diamond as a C source, the substitution of C for B cannot be achieved
at the same temperature as that of the MgB2 formation (around 650◦C).
Higher sintering temperatures (900-1000◦C) favor better C substitution,
but does not favor fine grains (weakens grain boundary pinning) and can
cause more MgO formation. Nanosize precursor particles areexpensive
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and there are always agglomerations of the nano additives. Both these dif-
ficulties are reduced using hydrocarbons as the C source.

Now a lot of hydrocarbons including sugar, acetone, benzene, paraffin,
toluene, ethanol, sterates, maleic acid etc are tried into MgB2 with good
results [84, 85, 130–133]. The main advantages of carbohydrates are their
easy availability and low cost compared to the nano additives. They can be
coated on the B powder surfaces with suitable solvent, giving better mixing
with reduced agglomeration [145]. Even at lower temperatures carbohy-
drates melt and release fresh and highly reactive C for the substitution. The
main drawback of carbohydrate addition is that most of them contain oxy-
gen, which can easily react with Mg to form MgO which can degrade the
grain connectivity and hence the critical current density.

Some silicides (ZrSi2, WSi2, Mg2Si), hydrides (ZrH2), and borides (TiB2,
NbB2, ZrB2, WB) are also tried with moderate improvements in flux pin-
ning and critical current density values [84, 85, 130–133].These dopants
are not incorporated into MgB2 lattice. Si and silicides directly react with
Mg. The reaction induced impurities as well as the added particles acts as
flux pinning centers. A slight amount MgO in the MgB2 grains is found to
improve the flux pinning properties. Addition of metal oxides like Al2O3,
Fe2O3, Co3O4, ZrO2, TiO2 and SiO2 are found to increase the MgO for-
mation. However on the extend ofJC(H) improvement by these metal
oxide additions, different works disagree with each other.Some reported
decremental effect onJC(H) by these oxides, while some reported some
marginal benefits. The incorporation of nano rare earth (RE)oxides such
as Y2O3, Ho2O3, Dy2O3 and Pr6O11 improved the flux pinning in MgB2
[146–149]. In all these RE oxide additions the RE reacted with B to form
their respective borides (YB4, HoB4, DyB4 and PrB6). For the Y2O3 doped
sampleJC of ∼ 2 × 105 A/cm2 (at 2 T) andHirr of 11.5 T are reported at
4.2 K and for Ho2O3 additionJC of ∼ 1.2× 105 are observed at 5 T, 5 K
[146, 147].

Based on the performance ofJC(H) due to addition/doping, Douet al
[130–132] classified the additives/dopants in MgB2 into four categories
(groups). Table 1.5 summarizes the different categories ofdopants and
their effects on MgB2. The first group includes dopants like nano-SiC and
carbohydrates which can have both reaction with Mg/B and C substitution.
The second group includes materials such as nano-C, CNT and B4C which
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Table 1.5:Classification of different categories of additives added to MgB2.

Group Description Typical Improvement Main reason for
additive ofJC(H) affectingJC(H)

1 C substitution and re-
action with Mg/B

nano SiC,
carbohy-
drates

Significant C substitutiona and
pinning by the reaction
induced impurities.

2 C substitution, but no
reaction with Mg/B

nano C, CNT Significant C substitution.b

3 Reaction with Mg/B,
but no C substitution

Silicides, Si,
RE oxides

Moderate Pinning by reaction in-
duced impurities.

4 No C substitution
and no reaction with
Mg/B

BN, MgO Slight im-
provement or
decrement

Degrading grain con-
nectivity.

a C substitution at the same temperature of MgB2 formation.
b C substitution at higher temperature of MgB2 formation.

can have C substitution without any reaction. The third group includes
materials such as Si, Zr, Ti, RE oxides and silicides which can react with
Mg/B without any C substitution, and the fourth group includes materials
such as BN and MgO which do not have any reaction with Mg/B nor any
C substitution. From the first group to the fourth group the enhancement
of JC(H) decreases gradually.

1.10 Objective of the present work

The brief overview presented above highlighted the importance of MgB2

superconductor for practical applications. In order to exploit its full po-
tential as a conductor it is essential to prepare long multifilamentary con-
ductors in the form of wires, tapes or cables with good mechanical and
superconducting properties. The research work presented in the thesis ad-
dresses some of the important issues on development of MgB2 conductors
for practical applications. The specific aims of the thesis are:

1. Development of good quality MgB2 based superconductors in bulk,
wire and tape geometries by simple and cost effective methods.

2. Improvement of the in-field critical current density of pristine MgB2

superconductor by chemical addition.

Powder-In-Tube technique is found to be the most suitable method for
the preparation of long length multifilamentary MgB2 conductors. Several
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aspects such as the feasibility of mechanical working (for rolling, drawing
etc) and chemical compatibility with Mg and B must be studiedfor select-
ing suitable sheath/barrier materials. The quality of the final conductor is
influenced by factors like initial packing density, heat treatment tempera-
ture and duration, number of filaments, core to sheath area etc. For better
superconducting properties these factors must be optimized. For practi-
cal applications, superconductors with high in-field critical current density
[JC(H)] are required. MgB2 has a high self-fieldJC, however, theJC falls
sharply in applied magnetic fields due to weak flux pinning. Significant
research is being continued for the improvement of flux pinning and hence
JC(H), Hirr andHC2 in MgB2. Chemical addition/doping is an effective
method for introducing flux pinning centers in a superconductor.

In situ PIT technique is used in the present work for preparing MgB2

conductors. A systematic study on the chemical reactivity of various sheath
materials with Mg/B is conducted for selecting the suitablematerial. After
detailed investigations a systematic synthesis procedureis developed for
the preparation of MgB2 conductors using Fe as sheath, Cu as thermal
stabilizer and Ni as outer sheath material. A novel, energy efficient and
simple electrical self heating method is also developed forthe preparation
of sheathed MgB2 conductors.

For improving the in-fieldJC(H) of MgB2 chemical addition with addi-
tives of different chemical and physical nature is carried out. A rare earth
oxide, Tb4O7 is added into MgB2 first. Tb4O7 addition improved theJC(H)
in MgB2, but the improvement was not drastic. Strong improvement inthe
JC(H) of MgB2 is reported for Carbon based nano materials. Especially,
nano-SiC is reported to be one of the most effective additivefor enhancing
theJC(H) of MgB2, by many groups. Based on the strong positive result
of nano-SiC and other C based additives/dopants, studies are conducted
on introduction of carbon containing additives/dopants into MgB2. In the
present work a novel, inexpensive additive for C source, burned rice husk,
is explored and excellent results are obtained. Combined addition of two
materials with different chemical and physical propertiesare also investi-
gated for further increasing theJC(H).
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Chapter 2

Materials and methods

This chapter describes the general preparation and characterization tech-
niques used in the study. Some of the descriptions are brief and will be
expanded upon in the relevant chapters of the thesis.

2.1 Preparation techniques

In this study, MgB2 superconductor was prepared in bulk and wire/tape
geometries. Wires/tapes are prepared and studied in mono and multi fil-
amentary configurations.In situ preparation method was used for both
the bulk and wires/tapes. Powders of Mg from GoodFellow (99.8%) and
amorphous B from Merck (99%) are used for the preparations. Various
metal/alloy tubes like Fe, Ni, Cu, SS, Monel also used for thepresent study.

2.1.1 Bulk MgB2 preparation

MgB2 bulk superconductors were prepared by a Powder-In-Sealed-Tube
(PIST) method. Mg and amorphous B powders were stoichiometrically
mixed, mechanically compacted in stainless steel (SS) tubes, ends sealed
and heat treated in air at 650-900◦C for different durations. After heat
treatment the MgB2 bulk was recovered by mechanically removing the
outer SS tube. Typical dimensions of PIST samples is 3 cm× 1 cm×
0.5 cm.
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2.1.2 MgB2 wire and tape preparation

MgB2 wires and tapes were prepared by Powder-In-Tube (PIT) method.
The processing steps are discussed in detail in chapter 4. For monofila-
mentary wire preparation, homogeneously mixed Mg and B powders were
filled in Fe tubes of suitable dimensions and mechanically compacted.
These powder filled tubes were then groove rolled to desired dimension.
For mono filamentary tapes, the groove rolled wires were thenflat rolled to
the required dimensions. Photographs of groove and flat rolling machines
used for the wire and tape rolling are shown in figure 2.1.

Figure 2.1:Photograph of rolling machines.

For multifilamentary conductors, as rolled mono wires were cut into
small pieces and bundled together with Cu rods (stabilizer)and filled in
suitable Ni tubes. These composites were then groove rolledfor multifil-
amentary wires, followed by flat rolling for multifilamentary tapes. After
rolling the ends of the wires/tapes were sealed by arc welding and then heat
treated at 650-7500C in air. A wet cloth was wound around the specimens
during welding to avoid heating up of the samples. Short length wire sam-
ples for various characterizations were then selected by properly cutting
out the reaction mixture area of the wire. The maximum lengthof multi-
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filamentary wire prepared so far is about 5 m and the maximum number of
filaments in multifilamentary wires is 10. Typical stabilized tape has the
dimensions of∼ 1.2 mm thickness and 3-4 mm width.

2.2 Structural characterization techniques

2.2.1 Phase and structural analysis : Powder XRD

X-ray diffraction is a very useful and easy method for the phase identifica-
tion of crystalline materials. XRD data can be used for a semi-quantitative
phase analysis. Besides the phase analysis XRD data gives useful informa-
tion regarding the crystal lattice parameters, strain, grain size etc.

In the present study powder XRD patterns of samples were taken us-
ing a Philips X’pert Pro (Model No: PW 3040/60) X-ray diffractometer
with Cu Kα radiation employing X’Celerator and a monochromator at the
diffracted beam side. The system hasθ−2θ Bragg-Bentano geometry with
fully automated operation and data acquisition. Phase identification of the
samples was performed using X’Pert Highscore software withsupport of
the ICDD-PDF-2 database. The samples, either bulk or core ofwire/tape
were ground thoroughly to fine powder. The powder samples were filled
in standard holders and the XRD data were recorded at room temperature.
For less amount of powder (especially from small wires/tapes) a standard
zero back ground holder is used. Appropriate slits were usedto restrict
the X-ray beam to the sample area. General scans were performed under
40 KV and 30 mA tube Voltage and Current values. Usually the samples
were scanned for 21-85◦ 2θ values with a step size of < 0.02◦. The average
scan takes about 20 minutes, while some slow scans were also performed
in special cases.

The XRD data were analyzed for phase identification and lattice parame-
ter calculations. The volume percentages of different phases in the samples
were assessed semi-quantitatively, from the integrated X-ray peak intensi-
ties, using the relation

Vol.% of phase X =
Σ Integrated peak intensities of phase X

Σ Integrated peak intensities of all phases
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The d-values of selected peaks of MgB2 were used for its lattice pa-
rameter calculations. Lattice parameters were calculatedfor the hexagonal
crystal structure of space groupp6/mmm, using the relation

1

d2
=

4(h2 + hk + k2)

3a2
+

l2

c2

The FWHM (full width at half maximum) of a XRD peak depends
on factors like crystalline size, lattice strain and instrumental parameter
etc. The FWHM of selected peaks of MgB2 were used for qualitatively
assessing the lattice strain and grain size.

2.2.2 Microstructural analysis

Optical microscopy

In the present study optical microscopy is mainly used for analyzing the
cross sectional features of the wires/tapes. The cross sectional analysis
gives informations on the geometry, size, orientation, uniformity of the fil-
aments and the interfaces between core/sheaths for the multifilamentary
conductors. For the optical microscopy, samples of small size (1-2 cm)
were cut from long conductors, polished mechanically and placed under
the microscope in suitable holders. An OLYMPUS SZ-PT model micro-
scope is used for the study and the samples were examined under magni-
fication upto 30 X. Optical microscopy measurements, taken with the help
of a scale built into the eyepiece, were used for the exact estimation of core
and sheath cross sectional areas of mono/multifilamentary wires/tapes for
determining theJC. Some of the samples for SEM were pre-examined and
short listed with the help of optical microscope.

Scanning Electron Microscopy

With greater resolution, higher magnification and large depth of focus
Scanning Electron Microscopy (SEM) gives a detailed information of the
microstructure of the sample. The SEM scan the sample with high en-
ergy electron beam in a raster scan pattern. The scan produces different
signals including secondary electrons, back scattered electrons, character-
istic X-rays, auger electrons etc, which contain the microstructural infor-
mation of the sample. In the present study a JEOL JSM 5600LV system
equipped with an x-ray energy dispersive spectrometer (EDS) was used for
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secondary electron imaging (SEI) microstructural analysis. Typical magni-
fication used was 5000 X or 10000 X, while other magnificationsare also
used for special cases. In most cases fractured surfaces were used, while
polished surfaces were also used for some samples especially for wire/tape
cross sectional analysis. The samples were mounted on a metal base using
adhesive carbon tapes and loaded into the instrument. No gold coating was
used for the superconducting MgB2 samples.

Transmission Electron Microscopy

Compared with SEM, TEM has a higher magnification and resolution, al-
lowing a more detailed microstructural examination. TEM diffraction pat-
terns can be used to obtain precise structural information.TEM allows
lattice scale imaging of the samples. In this study TEM is mainly used to
get intra and inter grain features of sub micron or nano sizedMgB2 par-
ticles and to determine the morphology, size and content of the nano size
dopants. The instrument used was HRTEM FEI-Tecnai G2 30 S-Twin 300
KV equipped with an X-ray energy dispersive spectrometer (EDS). For
the TEM, samples were finely powdered, sonicated in acetone to remove
agglomeration, and then placed on copper grids.

Energy Dispersive Spectroscopy

Energy Dispersive Spectroscopy (EDS) allows a semi-quantitative elemen-
tal characterization of the samples. In the present study EDS analysis was
done using automated EDS system integrated either to SEM or to TEM.
The spectrum was taken either for a large area or for a single spot depend-
ing on the requirement. The limitation of EDS in the present study was its
inability to accurately detect B because of its low atomic weight.

2.3 Superconducting characterization
techniques

The superconducting parametersTC, JC, JC(H) and Hirr were measured
using both transport and magnetic measurements for assessing the quality
of samples. For transport measurements an indigenously designed cryo-
stat integrated with an imported cryocooler is used. Figure2.2 shows the
schematic sketch of the cryocooler integrated cryostat. The cryocooler
used is a Gifford-McMohan cooler manufactured by Sumititomo Heavy
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Figure 2.2:Schematic sketch of the cryocooler integrated cryostat.

Industries Ltd. The model number of compressor unit is CSW-71D and
the cold head model is SRDK-408. Some of the wires and tapes were mea-
sured in liquid helium for transport properties at IPR, Gandhinagar. Mag-
netic measurements were done using a VSM or SQUID system in PPMS
(Quantum Design, USA) with collaboration of RRCAT, Indore and JN-
CASR, Bangalore. For transport measurements wire/tape samples were
used while for magnetic measurements bulk samples were used.
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2.3.1 Transport measurements

For transport measurements wires/tapes of 2-3 cm were properly anchored
to the second stage of the cryocooler with a home made sample holder.
Four probe resistivity method is used for the transport measurements. A
schematic diagram of the four probe resistivity measurement arrangement
is shown in figure 2.3. High quality insulated copper wires were used for
current and voltage terminals. The leads from the terminalswere directly
soldered to the outer sheath using ortho phosphoric acid as aflux, after
thoroughly cleaning the sheath surface with a sharp blade/knife edge.

Current 
source

   Nano 
voltmeter

Sample

Figure 2.3:Schematic diagram showing the four probe resistivity setup.

Resistance-Temperature (R-T) and Current-Voltage (I-V) characteristics
of the samples were measured to determine theTC andIC, of the samples.
A programmable Keithley 220 current source and Keithley 181/2182A
nano voltmeters were used for R-T measurements. A current of10/100 mA
was used for the R-T measurements. For I-V measurements programmable
current sources of capacity 30/100/1000 A, manufactured byAPLAB were
used. All the R-T and I-V measurements were automated and controlled
by a PC interfaced with the system through GPIB. Lakeshore L332/L340
model temperature controllers were used for monitoring andcontrolling
the sample temperatures.

The temperature at which resistance falls sharply is taken as theTC and
the difference between the temperatures corresponding to the 90% and
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10% of normal state resistivity (TC90-TC10) is defined as∆TC for the sam-
ples. From the I-V characteristics the current at which the voltage shows a
sharp rise is defined as the transportIC. Ratio of IC to the total cross sec-
tional area is taken as the engineering critical current density (JE) and the
ratio of IC to the cross sectional area of MgB2 core is taken as the critical
current density (JC) for the samples. All the transport measurements (R-T
and I-V) were automated using the GPIB interface.

2.3.2 Magnetic measurements

High field magnetic measurements for the present study were done in col-
laboration with RRCAT, Indore and JNCASR, Bangalore. Bulk samples of
typical dimensions 3 mm× 3 mm× 1.5 mm were used for the measure-
ments. The measurements were done with magnetic field applied along the
longest dimension of the samples. M-T measurements were done at 100
Oe or at 25 Oe mainly in zero field cooling (ZFC) condition. M-Hhystere-
sis loops were measured at 5 K (15 K also for some samples) upto8 T. TC

of the sample is defined as the temperature at which the ZFC magnetization
begin to fall in the M-T curve.∆TC is taken as difference between tem-
peratures corresponding to the 90% and 10% of the maximum shielding
signal. Magnetic field dependence of the critical current density [JC(H)]
of the sample was estimated based on Bean critical state model using the
formula

JC(H) =
20 × ∆M

a(1 − a/3b)

where∆M (in emu/cm3) is the width of M-H loop, a and b (in cm) are
dimensions (a< b) perpendicular to the field, for a parallelepiped shaped
sample.Hirr values of selected samples were estimated as the field at which
JC falls below 100 A cm-2. The values ofHirr were estimated from Kramer
plot also. For this the functionJ0.5

C ×H0.25 plotted againstH andHirr was
determined by linear extrapolation to zero of the Kramer curves.
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Chapter 3

Preparation and
characterization of MgB2
bulk superconductor

For practical applications, it is required to prepare good quality bulk MgB2

with high phase purity, and acceptable superconducting properties. There
are two main routes to prepare bulk MgB2 :- reaction of Mg and B sources
(in situ technique) and the sintering of pre-reacted MgB2 powders (ex situ
technique). Theex situprepared samples generally have higher density
and better homogeneity compared to thein situ samples. However for
better superconducting properties, theex situsamples need much higher
sintering temperatures compared to thein situ samples. Further, doping of
impurity elements has limitations inex situmethod.

Volatile Mg loss and Mg oxidation are two main hurdles for thein situ
synthesis of MgB2. Mg vapor loss at elevated temperature causes non-
stoichiometry or B rich phases in the final product, and the MgO that forms
at the grain boundaries acts as weak links. This affects the grain connectiv-
ity and reduces the critical current density of the superconductor [71]. Sev-
eral synthesis procedures are reported for the preparationof in situ MgB2

bulks at relatively low temperatures with short durations of heat treatments
[87–100]. The starting materials are Mg in powder/flakes/chips/lumps and
amorphous/crystalline B in powder forms. In a few reports MgH2 pow-
der is also used as Mg source [87, 88]. The bulk synthesis is done at

41



42 3. Preparation and characterization of MgB2 bulk superconductor

650-1000◦C for 30 min-5 hours heat treatment in vacuum/inert/reducing
atmospheres.

We prepared bulk MgB2 by a method designated herein as Powder-In-
Sealed Tube (PIST) method, in which Mg and amorphous B powders were
sealed inside stainless steel (SUS 304/SUS 316 L) tubes and heat treated.
Stainless steel is chosen for the preparation of MgB2 since it is non reac-
tive with Mg and B at elevated temperatures and has adequate ductility and
strength. The preparation route illustrated here can eliminate Mg evapo-
ration loss and significantly reduce the oxidation of Mg, andreduce the
cost of synthesis by avoiding expensive Nb/Ta tubes/foils,inert gases and
special furnaces.

Parameters such as the temperature and duration of the heat treatment
and the size of starting Mg powder were optimized for obtaining good
quality MgB2 bulk superconductor, in terms of phase purity, crystallinity
and superconducting properties.

3.1 Preparation of MgB2 bulk by Powder-In-
Sealed-Tube (PIST) method

3.1.1 Starting materials

Mg powder from GoodFellow (99.8% pure) and amorphous B powder
from Aldrich (99.0% pure) were used for the synthesis ofin situ MgB2 by
the PIST method. Figure 3.1 shows the XRD patterns of starting Mg and
B powders. Mg powder has good crystallinity and contained nodetectable
impurities including MgO. Though the B powder used is amorphous, it
showed some small amount of crystalline phases. The observed crystalline
phases are B in rhombohedral structure and a minor quantity of B2O. Fig-
ure 3.2 shows the SEM images of Mg and B powders used. B powder
is very fine and homogenous in nature. The Mg powder is much bigger
compared to the B powder and has irregular size and shape. Commercially
available SUS 304/SUS 316 L stainless steel tubes of length 5-10 cm with
different outside diameter (OD) and inside diameter (ID) (Typical OD/ID
are : 12/10, 10/8, 6/4 : all in mm) were used for the filling of starting
powders.
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Figure 3.1:XRD pattern of the Mg and B starting powders.

Figure 3.2:Secondary electron SEM image of starting Mg and B powders.

3.1.2 Sample preparation

Stainless steel (SUS 304) tubes of 10 cm long with an outside diameter
(OD) of 6 mm and inside diameter (ID) of 4 mm were used for synthesis.
One end of the tube was pressed uniaxially at a pressure of∼ 1 GPa us-
ing a hydraulic press (HERZOG TP 20P) so that it became tape shaped.
Stoichiometric weights of Mg powder and B powder were taken using an
electronic balance (Mettler AE240). The powders were mixed, homoge-
nized and ground thoroughly for about 1 hour using an agate mortar and
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44 3. Preparation and characterization of MgB2 bulk superconductor

pestle. Then the powder mixture was densely packed through the open end
of the pressed tube leaving some space unfilled. The unfilled portion was
pressed with the same pressure that was used for the first end such that both
ends are of equal length. Subsequently powder filled middle area was sub-
jected to uniaxial pressing under 1 GPa to get a tape shaped portion. End
sealing was performed by arc welding. A wet cloth was wound around the
specimen during welding to avoid heating up of the sample.

SS tube
      OD/ID:6/4 mm

Mg B

End pressing Mg + 2B filling Open end 
pressing

Pressing of 
powder filled 

middle area and 
end welding

Heat 
traetment 

Figure 3.3:Schematic diagram of the preparation procedure in PIST method.

Figure 3.3 shows a schematic diagram of the sample preparation pro-
cedure. Figure 3.4 shows the photograph of a typical SS tube used for
the filling of the powder and a powder filled sealed sample. Such samples
were then heat treated in air at different temperatures and durations (typi-
cally 670◦C-900◦C for 0.5-10 hours) in a muffle furnace with a ramp rate
of 10 ◦C/minute and subsequently furnace cooled. After heat treatment
the outer SS sheath was mechanically removed and the MgB2 core was
retrieved for characterizations.

3.1.3 Characterizations

The structural and phase analysis of the samples were performed using an
X-ray Diffractometer (Philips X’pert Pro) with Cu Kα radiation employ-
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ing X’Celerator and monochromator at the diffracted beam side. Phase
identification of the samples was performed using X’Pert Highscore Soft-
ware in support with ICDD-PDF-2 database. Microstructuralexamination
and elemental analysis of the samples were done by using an optical mi-
croscope (OLYMPUS SZ-PT), scanning electron microscope (SEM-JEOL
JSM 5600LV) and transmission electron microscope (HRTEM FEI-Tecnai
G2 30 S-Twin 300 KV) equipped with an X-ray energy dispersive spec-
trometer (EDS). DC magnetic measurements (M-T and M-H) werecarried
out by a vibrating sample magnetometer in Physical PropertyMeasuring
System (PPMS), Quantum Design, USA on samples having size 3 mm ×
3 mm× 1.5 mm. Variation of resistance with temperature (R-T plot)were
taken in a heavy duty closed cycle cryocooler-interfaced cryostat (Cold
head Model : SHI SRDK-408) using DC four probe method.

Figure 3.4:Photograph of the bare and and powder filled pressed SS tube (L∼

10 cm, OD/ID = 6/4 mm).

Figure 3.5:Optical photomicrograph of the transverse cross-sectional view of the
polished surface of PIST sample after heat treatment.

3.1.4 Structural properties of PIST MgB2

Figure 3.5 shows the optical micrograph of the cross-sectional view of the
polished surface of SS sheathed MgB2 processed at 850◦C for 2 hours.
The core layer is observed to be dense and black. The interface region
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46 3. Preparation and characterization of MgB2 bulk superconductor

between MgB2 core and SS tube is sharp and distinct and there is no sign
of any interfacial reaction occurring between the core and the sheath at this
temperature.
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Figure 3.6:Powder XRD pattern of PIST MgB2.

Figure 3.6 shows a typical XRD spectrum of the MgB2 core heat treated
at 850◦C for 2 hours. Crystalline MgB2 is the main phase with only a
trace of MgO as the impurity phase. The sharp peaks of MgB2 is indexed
to the hexagonal crystal structure of ICDD file number 38-1369. The very
small amount of MgO observed is due to the air entrapped inside the tube
before sealing the ends. No boron rich phases such as MgB4 or MgB7

are observed which ensures complete suppression of Mg evaporation loss
during the heat treatment.

The lattice constants of the prepared MgB2 phase were determined from
the XRD data, considering the hexagonal crystal structure and the values
area = 3.0862 Å,c = 3.5260 Å, consistent with reported values for MgB2

[11, 21]. The geometric density of the bulk MgB2 was determined by
measuring the mass and dimensions of rectangular shaped pieces cut from
the MgB2 core. The PIST samples have high level of porosity and hence
have a low average density of∼ 1.3 g/cc (∼ 50% of the theoretical density).
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Figure 3.7:Secondary electron SEM image of PIST MgB2.

Figure 3.7 shows a typical secondary electron SEM image of the frac-
tured surface of PIST MgB2 heat treated at 850◦C. The microstructure of
the sample is homogeneous in nature. The sample show fine faceted hexag-
onal and randomly oriented MgB2 grains of varying sizes. The grains have
size varying around 1µm. The EDS analysis of a typical sample is shown
in figure 3.8. The EDS shows presence of Mg, B and traces of O in the
grains, which is in agreement with the XRD results.

Figure 3.8:EDS spectrum of typical PIST MgB2. Inset of the figure shows the
hexagonal MgB2 grain.
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Figure 3.9:Temperature dependence of (a) resistance (R-T) and (b) magnetization
(M-T) curves of PIST MgB2.

3.1.5 Superconducting properties of PIST MgB2

Both transport and magnetic measurements show sharp superconducting
transition withTC = 38-39 K and∆TC < 1 K for the PIST MgB2. Fig-
ure 3.9 (a) shows the temperature dependency of resistance (R-T plot) in
the temperature range 8-300 K, of a typical bulk MgB2 measured using
a closed cycle cryocooler. The MgB2 shows superconducting transition
at 38.9 K. Zero field cooled (ZFC) magnetization plot in the temperature
range 2 to 50 K, taken at 100 Oe is shown in figure 3.9 (b). The sample
show sharp superconducting transition withTC around 38.6 K and∆TC <
1 K. The consistently highTC and small∆TC values show that the sample
has excellent crystallinity and good homogeneity.

The field dependent magnetization (M-H plot) of a typical PIST MgB2

sample is shown in figure 3.10. Thermo-magnetic flux jumps areobserved
for fields below 2 T for the sample without any dopants at 5 K, asob-
served in many previous reports [60, 150–152]. The flux jump occurs only
under conditions of extremely high critical currents, highmagnetic diffu-
sivity and low heat capacity causing localized motion of magnetic flux. In
MgB2, since the magnetic diffusivity into the sample is much larger than
the thermal one, flux jump is considered as a process of magnetic diffusion.
The temperature of the sample increases during flux jump and the sample
may transit from superconducting state to normal sate. Fluxjump is more
at lower temperatures. At 15 K no flux jump is observed.
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Figure 3.10:M-H plot of a typical PIST MgB2.
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Figure 3.11:MagneticJC(H) characteristics of typical PIST MgB2.

Figure 3.11 shows the field dependence of a magnetic criticalcurrent
density [JC(H)] of typical PIST MgB2 sample at 5 K and 15 K, deduced
from M-H data. TheJC(H) is estimated based on Bean critical state model
using the formula. At 5 K, at lower fields the estimation ofJC is not ac-
curate due to flux jumps. At 5 K the magneticJC is ∼ 105 A/cm2 at 2 T
and∼ 0.8× 104 A/cm2 at 5 T. At 15 K theJC is ∼ 6 × 104 A/cm2 at 2 T
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and∼ 5 × 103 A/cm2 at 5 T. TheHirr of the sample, defined as the field
at whichJC falls below 100 A/cm2 is higher than 8 T at 5 K and is∼ 6
T at 15 K. All these values are comparable with many of the goodquality
MgB2 bulks reported worldwide. Table 3.1 summarizes the properties of
bulk MgB2 prepared by PIST method.

Table 3.1:Features of PIST method.
Main advantages No vacuum or inert atmosphere needed and

reduced Mg oxidation and vapor loss
Starting materials Mg and B in powder form

Filling tube SS 304/SS 316 L
Sealing By arc welding

Heat treatment 800-850◦C in air
Impurities in the final samples Only traces of MgO

Average MgB2 grain size 1µm
TC 38-39 K
JC > 105 A/cm2 at 2 T, 5 K

> 104 A/cm2 at 2 T, 15 K and
> 103 A/cm2 at 5 T, 15 K

Hirr > 8 T at 5 K,∼ 6 T at 15 K
FPmax

* 1-2 GN/m3 at 5-15 K
* FPmax is the maximum flux pinning force density.

3.2 Optimization of preparation conditions

For in situsynthesized MgB2, theJC(H), Hirr andHC2 depends sensitively
on factors like chemical composition, homogeneity, density, microstruc-
ture, grain connectivity and flux pinning of the sample. These factors are
influenced by the process conditions, as well as the purity, size and nature
of starting raw powders [83, 92, 93, 153–157].

For thein situ MgB2 bulk, based on the synthesis method and nature of
starting materials many reported heat treatment at 700-850◦C for 30 min-5
hours for optimized superconducting properties. A low synthesis tempera-
ture/duration favors fine sized grains, enhancing grain boundary pinning, at
the cost of incomplete reaction, reduced crystallinity andor low lattice sub-
stitution (for the case of doping). Higher synthesis temperature/duration
causes grain growth, improves crystallinity and level of substitution at the
expense of low grain boundary pinning and increased MgO formation. So
an optimum preparation condition has to be needed for detailed studies.
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3.2.1 Effect of heat treatment conditions on structural
properties

Samples heat treated in air at 700◦C, 800◦C, and 900◦C for 1, 2, 5 and 10
hours were prepared byin situ PIST method. Crystalline and microstruc-
tural characterization of the samples are done using XRD andSEM studies.
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Figure 3.12:Powder XRD patterns of the samples heat treated at 700◦C, 800◦C
and 900◦C for 1, 2, 5 and 10 hours.

Powder XRD patterns of the samples heat treated at 700◦C, 800◦C,
and 900◦C for 1-10 hours are shown in figure 3.12. Crystalline MgB2 is
the major phase observed in all the samples, with traces of MgO. Unre-
acted Mg is observed in some samples heat treated at 700◦C and 800◦C
for lower sintering durations. The amount of unreacted Mg decreases and
crystalline MgB2 increases with increasing heat treatment durations.
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Figure 3.13:FWHM of (101) peak of the samples heat treated at 700◦C, 800◦C
and 900◦C for 1, 2, 5 and 10 hours.

Figure 3.13 shows the full width at half maximum (FWHM) of (101)
peaks of the samples. The figure clearly shows that the FWHM decreases
with increase in the temperature of synthesize. The FWHM decreases
more sensitively with increase in the duration of heating. The decrease in
FWHM is more for samples heated at 900◦C. The decrease in the FWHM
indicates the increase in the MgB2 grain size, with increase in heating tem-
perature and duration.

Table 3.2:Lattice parameters of the samples, calculated from XRD data

Heat treatment temperature (◦C)

Heat treatment 700 800 900

Duration (h) a (Å) c (Å) a (Å) c (Å) a (Å) c (Å)

1 3.085 3.526 3.088 3.534 3.088 3.522
2 3.086 3.525 3.088 3.522 3.089 3.519
5 3.084 3.526 3.086 3.523 3.089 3.532
10 3.086 3.524 3.086 3.529 3.086 3.522

Table 3.2 shows the lattice parametersa andc of the samples, calcu-
lated from the XRD data. The lattice parameters of the samples show no
significant variations within the experimental error.

Figure 3.14 shows the secondary electron SEM images of the samples
heat treated at 700◦C, 800◦C and 900◦C for 1 and 10 hours. The mi-
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Figure 3.14:Secondary electron SEM images of the samples heat treated at 700
◦C, 800◦C and 900◦C for 1 and 10 hours.

crostructure of all the samples is homogeneous in nature. The samples
show fine hexagonal MgB2 grains of varying sizes. SEM images show that
the average grain size and grain connectivity of the samplesare improved
with increase in sintering temperature. The grain size alsoimproves with
the sintering duration, for each sintering temperature. The information
from the SEM images are in good agreement with the FWHM of the sam-
ples shown in figure 3.13.

The results indicate that both the sintering temperature and duration of
sintering have influence on the crystalline and microstructural properties of
in situpolycrystalline MgB2. As the sintering temperature and its duration
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54 3. Preparation and characterization of MgB2 bulk superconductor

increase the amount of crystalline MgB2 increases. The average grain size
of crystalline MgB2 increases with increasing the sintering temperature and
durations.

3.2.2 Effect of heat treatment temperature on the super-
conducting properties

Based on the above results on the crystalline and microstructural proper-
ties, four samples were prepared for superconducting measurements. The
samples were heat treated at 750◦C, 800◦C, 850◦C, and 900◦C for 2
hours. The samples were named as MB750, MB800, MB850 and MB900
respectively.
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Figure 3.15:Powder XRD patterns of the samples heat treated at 750◦C, 800◦C
, 850◦C and 900◦C for 2 hours.

Powder XRD patterns of the samples are shown in figure 3.15. MgB2

is the main phase and small amount of MgO is observed in all thesam-
ples. Small amount of unreacted residual Mg is detected for the sample
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heat treated at 750◦C. No peaks of MgB4 or other higher borides are ob-
served in any of the samples. The very small quantity of MgO observed is
due to the entrapped air before end-sealing of the tubes. Table 3.3 shows
the lattice parametersa, c axes, unit cell volume and the full width at half
maximum (FWHM) of the (110) and (002) peaks of the samples. FWHM
of both the peaks decreases significantly with increasing sintering temper-
ature, indicating increase in MgB2 grain size with sintering temperature.

Table 3.3:Lattice parameters and FWHM of the samples, calculated from XRD
data

Sample a c Cell volume FWHM (degree) of peaks

(Å) (Å) (Å 3) (002) (110)

MB750 3.086 3.524 29.070 0.328 0.327
MB800 3.088 3.521 29.073 0.306 0.317
MB850 3.087 3.523 29.081 0.286 0.308
MB900 3.090 3.519 29.089 0.256 0.237
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Figure 3.16:M-T plots of the samples heat treated at 750◦C, 800◦C , 850◦C
and 900◦C for 2 hours.

Temperature dependence of magnetization (M-T) at 20 Oe of the sam-
ples is shown in figure 3.16. All the samples show sharp superconducting
transition withTC around 38.5 K and∆TC ∼ 0.8 K. The almost identical
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TC and∆TC values indicate that the samples are identical with respectto
stoichiometry, lattice or structural defects and the electronic states in the
superconducting B planes.
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Figure 3.17:JC(H) plots of the samples heat treated at 750◦C, 800◦C , 850◦C
and 900◦C for 2 hours.

The in-field critical current density [JC(H)] at 10 K and 20 K, estimated
from the M-H curves is shown in figure 3.17. At 10 K, and at low fields
JC jumps abruptly due to the flux jumps. But at higher fields theJC(H)
follows systematic behavior for all the samples. Sample heat treated at 800
◦C shows higherJC in external fields, at both 10 K and 20 K. In general,
the JC(H) is better for samples heat treated at low sintering temperatures
(750◦C and 800◦C), while it is lower for samples heat treated at relatively
higher temperatures (850◦C and 900◦C). The slightly higherJC(H) of the
samples MB750 and MB800 is mainly due to the smaller grains.

Thus the critical temperature of the MgB2 remains almost same for sam-
ples prepared at different temperatures, whileJC(H) is slightly higher for
samples prepared at relatively lower temperatures.
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3.2.3 Effect of Mg particle size

In this section the role of Mg particle size on the reactivityof Mg with B
was studied. The samples were synthesized using Mg particles of four dif-
ferent size categories. The superconducting properties ofselected samples
were evaluated for finding an optimum Mg particle size.

Effect on reaction between Mg and B

At first two sets of samples-one set with Mg particle size 25-53 µm (+500
to -300 mesh) and other 106-180µm (+150 to -85 mesh)- were prepared.
For all the samples B powder used was of size < 44µm (-325 mesh). The
two sets of the samples were prepared at 700, 800, 850 and 900◦C for 2
and 10 hours. The samples were then characterized using powder XRD
analysis. The samples prepared using smaller and larger Mg particles were
named as MB S and MB L respectively.
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Figure 3.18:Powder XRD patterns of MB S and MB L heated at different tem-
peratures and durations.
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Powder XRD patterns of the samples MB S (Mg size: 25-53µm) and
MB L (Mg size: 106-180µm) at different heat treatment temperatures
(700-900◦C) and durations (2 and 10 hours) are shown in figure 3.18.
Quantitative data of various phases formed (MgB2, MgO and remnant Mg)
are shown in table 3.4. MgB2 is the main phase and small amounts of MgO
and remnant Mg are observed for MB S. However, for MB L, remnant
Mg is much higher and the amount of MgB2 is lower compared to MB S.
Most importantly, at 700◦C /2 h, the amount of MgB2 is very low and the
remnant Mg is high for MB L.

Table 3.4:Volume percentage of MgB2 , MgO and Mg in MB S and MB L heat
treated at different temperatures and durations.

Heat Volume percentage of (%)

treatment MgB2 MgO Mg

MB S MB L MB S MB L MB S MB L

700◦C/2h 82.01 14.67 0.42 0.00 17.57 85.33
750◦C/2h 91.11 84.20 2.15 0.89 6.74 14.91
800◦C/2h 93.13 90.53 2.25 2.11 4.62 7.36
850◦C/2h 97.46 93.44 2.54 1.16 0.00 5.40

To find the more usable Mg particle size for better superconducting prop-
erties four more samples were prepared with different Mg particle sizes.
The Mg particles sizes used were < 25µm, 25-53µm, 53-106µm and
106-180µm. The samples were heat treated at 850◦C for 2 hours. The
samples were named as MB1 (Mg size: < 25µm), MB2 (Mg size: 25-
53 µm), MB3 (Mg size: 53-106µm) and MB4 (Mg size: 106-180µm)
respectively. Powder XRD patterns of the samples are shown in figure
3.19. Residual Mg is detected for all samples except MB1 and its amount
increases significantly with increase in the starting Mg particle size. No
peaks of MgB4 or other higher borides are observed in any of the samples.
There may be unreacted amorphous B, but cannot be detected inXRD.
The very small quantity of MgO observed is due to the entrapped air be-
fore end-sealing of the tubes. The starting Mg powders were free from
oxygen as their XRD patterns showed no MgO within the detection limit.

Quantitative phase analysis of the samples is shown in table3.5. From
the table it is clear that both MgB2 and MgO are higher for samples syn-
thesized from smaller sized Mg powders (MB1 and MB2). As the particle
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Figure 3.19:Powder XRD patterns of the samples MB1, MB2, MB3 and MB4
heated at 850◦C/2h.

size of starting Mg powder increases, both MgB2 and MgO decrease and
the residual Mg increases (MB3 and MB4). For MB1 and MB2 the initial
Mg particle size (< 25µm for MB1 and 25-53µm for MB2) is comparable
with that of B (< 44µm). For MB3 and MB4 the initial Mg particle size
(53-106µm for MB3 and 106-180µm for MB4) is significantly higher
compared to the B powder. This clearly shows that the amount of residual
Mg increases significantly as the Mg particle size increasesabove the B
particle size.

Table 3.5:Volume percentage of MgB2 , MgO and Mg in MB1, MB2, MB3 and
MB4 heat treated at 850◦C /2h.

Volume percentage of (%)

Sample MgB2 MgO Mg

MB1 97.40 2.60 0.00
MB2 98.04 1.44 0.52
MB3 93.83 1.12 5.05
MB4 93.08 1.04 5.87

Figure 3.20 shows the secondary electron SEM images of the samples.
The samples show distinct difference in microstructure with respect to Mg
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Figure 3.20:SEM images of MB1, MB2, MB3 and MB4 heated at 850◦C/2h.

particle size. Samples MB1 and MB2 show homogeneous microstruc-
tures with randomly oriented hexagonal MgB2 grains of varying size. The
grains are densely packed and the average grain size is around 1 µm. All
the grains are well connected and sharp grain boundaries canbe seen for
higher sized grains. But for MB3 and MB4 the microstructure is less ho-
mogeneous with larger grain size compared with those of MB1 or MB2,
and contain significant amount of amorphous like regions. InMB3 and
MB4 hexagonal grains of different sizes are loosely packed and the grains
are not well connected as those of MB1 and MB2. Some of the hexagonal
grains of MB4 have notably high grain sizes. A significant portion of the
MB4 contains amorphous like (or less crystallized) regions.

The full width at half maximum (FWHM) of (101), (002) and (110)
peaks for the samples is shown in figure 3.21, which clearly indicates
higher FWHM for MB1, implying reduced MgB2 grain size in this sample,
in accordance with the SEM images.
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-12

-10

-8

-6

-4

-2

 0

 34  35  36  37  38  39

M
 (

em
u/

cm
3 )

Temperature (K)

MB1
MB2
MB3
MB4

Figure 3.22:M-T plots of MB1, MB2, MB3 and MB4 heated at 850◦C/2h.

Effect on the superconducting properties of MgB2

In order to study the influence of Mg particle size on the superconduct-
ing properties of MgB2 with Mg particle size the samples MB1, MB2,
MB3 and MB4 further characterized using DC magnetization measure-
ments. Temperature dependence of magnetization (M-T) of the samples is
shown in figure 3.22. All the samples show sharp superconducting transi-
tion with TC in the range 38.4-38.6 K and∆TC (TC90%-TC10%) ∼ 1.1-1.2 K.
The almost identicalTC and∆TC values of the samples indicate that unre-
acted Mg or B do not cause any significant change in the superconducting
transition temperature of MgB2. This is consistent with the earlier studies
on the MgxB2 samples, in whichTC was found to be nearly constant, with
a spread of only 0.3 K for 0.6 < x < 1.3 [93, 158].
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Figure 3.23 shows theJC at 15 K in applied fields, estimated from the
isothermal M-H curves by using the Bean model. Inset of the figure shows
the corresponding M-H curves at 15 K for the samples. The sample MB1
has the bestJC value among all the samples upto the maximum field (6 T)
studied. At high fields theJC of MB2, MB3 and MB4 are comparable but
distinctly lower than that of MB1.

The flux pinning force densityFP (FP = JC × B) as a function of applied
field for the samples is shown in figure 3.24. The sample MB1 clearly show
enhanced flux pinning compared to the others. The flux pinningbehaviour
of all other samples is almost same. For the sample MB1 bothFPmax and
the field forFPmax are higher, implying increased number and strength of
pinning centers in the sample.

3.2.4 Discussion of the results

The results of above studies indicates :

1. As the sintering temperature and its duration increase the amount of
crystalline MgB2 increases.

2. The average grain size of crystalline MgB2 increases with increasing
the sintering temperature and durations.

3. The critical temperature of the MgB2 remains almost same for sam-
ples prepared at different temperatures, whileJC(H) is slightly higher
for samples prepared at relatively lower temperatures.

4. The reactivity of Mg with B is better for smaller sized Mg particles.
A considerable amount of Mg left unreacted in samples prepared
from larger sized Mg powders.

5. The critical temperature of MgB2 is almost unaffected by the Mg
size variation, but the critical current density is affected. JC(H) and
flux pinning strength were higher for samples synthesized with lower
sized Mg particles and lower for samples synthesized with higher
sized Mg particles.

The observed results can be explained as follows. The reaction mixture
is considered as a homogeneous mixture of Mg and B powders. Mgmelts
at ∼ 650 ◦C and the melting temperature of B is higher than 2000◦C.
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Detailed kinetic analysis for the Mg + B system shows that MgB2 phase
starts to form much below the melting of Mg (< 650◦C) [159–161]. At
these temperatures, solid-solid diffusion of Mg and B particles takes place
and the MgB2 phase starts to form at a slow rate. The reaction between
Mg and B powders starts at the Mg-B interface and a layer of MgB2 forms
at the interface [159–161]. Once the temperature reaches the melting point
of Mg (∼ 650 ◦C), Mg melts and then liquid-solid reaction takes place,
through diffusion. At the reaction temperature Mg melts butremains as
globules and can be considered as particles in liquid phase.The formation
of MgB2 generates heat, further promotes the melting and reaction of Mg
with B. The reaction between Mg and B starts at Mg-B interfaceand the
particles diffuse further across the formed MgB2 layer, and the reaction
grows around the layer [159–161], until the growth is pinned(mainly by
pores). The rate of diffusion depends on the temperature andmore particles
diffuse with increased sintering temperature and durations.

At lower temperatures and durations the rate of diffusion islow and
is the reason for the observed unreacted Mg in these samples sintered at
lower temperatures and durations. At much higher temperatures the vapor
pressure of Mg is high and a great deal of liquid Mg turns into Mg vapor,
leading to a vapor-solid interaction. At higher sintering temperatures the
diffusion rate is higher which improves the grain growth, resulting MgB2

crystals of increased grain sizes.

As the MgB2 grain grows at the Mg-B interface, diffusion rate decreases
with increase in the thickness of the interfacial MgB2 layer. The reaction
kinetics of in situ MgB2 discussed by Cuiet al [162] also suggests that
the rate of reaction is most likely to be inversely proportional to the thick-
ness of the MgB2 layer formed between the reactants. For Mg particles of
size smaller or comparable with B, the Mg-B interface will besufficient to
diffuse and react the Mg and B particles completely. For Mg particles of
size much higher compared to B particles, some Mg will remainunreacted
and this will be trapped inside the MgB2 layers as inclusions since all the
Mg inside may not diffuse as the diffusion rate decreases with growth of
interfacial MgB2. Thus the reaction between Mg and B practically ceases
locally after a certain period since diffusion rate approaches zero. In the
SEM images of samples (figure 3.20) synthesized with higher sized Mg
powders a lot of separated (not well connected) MgB2 grains can be seen.
This may be due to the ceasing of local grain growth. But in samples syn-
thesized with smaller sized Mg powders, the grains are comparably well
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connected and the microstructure is more homogeneous. As noMgB4 or
other higher borides are detected in the samples, due to the incomplete re-
action, small quantity of B can be at the grain boundaries as an amorphous
impurity. For smaller starting Mg powders the MgB2 grains formed will
be also small, since Mg is the nucleation site and the reaction grows along
the Mg-B interface. SEM images of the samples show that the grain size
is lower for samples synthesized from smaller sized Mg powders, which is
further supported by the FWHM results.

Grain boundaries are good flux pinning centers in MgB2 [61, 122–124]
and flux pinning improves with reduced grain size [125]. Thisis why sam-
ples with lower sized grains showed higherJC(H) values.

3.3 Summary and conclusion

Bulk MgB2 superconductor was prepared by a simple a Powder-In-Sealed
Tube (PIST) method. In this method, Mg and B powders were sealed inside
stainless steel tubes and heat treated in air, ie without anyinert or vacuum
atmosphere. The MgB2 prepared by PIST method has good phase purity
and superconducting properties. Only a trace amount of MgO is observed
as an impurity in typical PIST sample and the sample hasTC 38-39 K with
a∆TC ∼ 1 K andJC of 105-106 A/cm2 at 5 K.

Influence of heat treatment temperature, duration and size of starting Mg
powder on the microstructural and superconducting properties of in situ
MgB2 were studied for optimizing the preparation conditions. Reactivity
of Mg with B decreases significantly due to the reduction in diffusion of
particles across MgB2 layer and the residual Mg increases with increase
in the size of the starting Mg powder. MgB2 prepared using Mg powder
of size smaller or comparable with B powder has no/lesser residual Mg,
and show betterJC in applied fields compared to other samples. Based of
the phase analysis, crystalline and microstructure analyses and evaluation
of superconducting properties, a sintering temperature of800-850◦C for
2 hours is found to be the optimum for PIST method. Considering the
availability and the observed good results Mg particles of size 25-53µm is
selected for the further studies in the present work.
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Chapter 4

Preparation and
characterization of MgB2
wires and tapes

This chapter describes the preparation and characterization of MgB2 super-
conductor in mono and multifilamentary wire and tape geometries. Over
the years many techniques were developed for making LTS and HTS ma-
terials into wires and tapes. Of these, Powder-In-Tube (PIT) method is an
easy and scalable method for large scale production of long length conduc-
tors. For MgB2 also PIT is the most preferred for long length fabrication.
In the present study also chosein situ PIT method for the preparation of
MgB2 wires and tapes as the method is most efficient for large scaleindus-
trial production of long length conductors.

In PIT method, the precursor powder is filled into suitable metallic tubes,
mechanically rolled/extruded/drawn into desired size andshape followed
by a heat treatment. In the case of MgB2, the metallic sheath chosen must
be chemically compatible with MgB2 and should not degrade the super-
conductivity. It must be non-reactive with Mg, B and MgB2. The sheath
metal must have adequate strength to give mechanical support to the brit-
tle superconducting core, but also must be ductile enough towithstand the
mechanical working. The metal sheath has to play a role of diffusion bar-
rier for the volatile and reactive Mg. Several sheath materials such as Cu,
Ag, Ni, Nb, Ti, Fe and some alloys like SS, monel (Cu-Ni) are tried for
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68 4. Preparation and characterization of MgB2 wires and tapes

MgB2. Of these most of the sheath materials form intermetallics or solid
solutions with Mg/B, affecting the superconducting properties of the sys-
tem to different extents depending on the reactivity [60].

In order to select a suitable sheath material, we carried outa systematic
study of the reactivity of the commonly available sheath materials such as
Fe, SS, Cu, Ag, Ni and Ta by mixing their fine powders with stoichiometric
Mg and B and heat-treating the reaction mixtures at different temperatures.
The studies showed that among the above metals only Fe, SS andTa are
acceptable for use as sheath materials for MgB2 wire/tape fabrication. In
the present work MgB2 based wires and tapes were fabricated in both mono
and multifilamentary geometries using Fe as the sheath material.

4.1 Reactivity of sheath materials with Mg/B

4.1.1 Experimental Details

The samples for reactivity study were prepared byin situPowder-In-Sealed-
Tube (PIST) method as detailed in chapter 3. Commercially available
seamless stainless steel (SUS 304) tubes of 10 cm length withan outside
diameter (OD) of 10 mm and inside diameter (ID) of 8 mm were used for
the study. Stoichiometrically weighed and uniformly mixedMg powder
and amorphous B powder, added with a 10 wt.% sheath material powder
viz. Ag, Cu, Fe, Ni, SS and Ta (99% purity, -200 mesh) were packed into
the tubes, compacted mechanically and end-sealed by arc welding. Thirty
such samples (five each with six different sheath material powders) were
prepared and each set was subjected to heat treatment at 600◦C, 675◦C,
750◦C, 825◦C and 900◦C for 2 hours.

4.1.2 Characterizations

The phase analysis of the samples were performed by using powder XRD.
Phase identification of the samples were performed using X’pert High-
score Software in support with ICDD-PDF-2 database. Quantitative phase
analysis of the samples were carried out from the XRD. Microstructural
examination and elemental analysis of the samples were doneby using a
scanning electron microscope (SEM-JEOL JSM 5600LV) equipped with
an X-ray energy dispersive spectrometer (EDS).
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4.1.3 Results and discussion

Figure 4.1 shows XRD patterns of the various sheath materialviz. Ag,
Cu, Fe, Ni, SS and Ta added samples heat treated at different temperatures
viz. 600, 675, 750, 825, 900◦C for 2 h. The XRD measurements were
performed on the ground cores, taken out by mechanically peeling off the
SS sheath. From all the XRD patterns, it can be seen that MgB2 forma-
tion is almost complete in all samples at around 825◦C and small peaks
corresponding to MgO are also present.

For the Ag added sample (figure 4.1 a), reaction between Mg andAg
starts even at the temperatures of 600◦C. At 600 ◦C reaction between
Mg and Ag forms an intermetallic Ag0.24Mg0.76, and after 750◦C, the
Ag0.24Mg0.76 fully converts into MgAg, reducing the effective supercon-
ductor volume. Above 750◦C the amount of MgAg phase is considerable
and some of the peaks are very strong and sharp. The presence of Ag-
Mg phases strongly impede the flow of super-currents from grain to grain,
causing a decrease of current carrying capacity of the system [60].

For the Cu added sample (figure 4.1 b), the competition in reaction
among Mg, Cu and B led to different phase formations. Significant Mg-
Cu reaction tookplace even at 600◦C resulting in the formation of the
binary phase Mg2Cu. As the reaction temperature is increased above 750
◦C, Mg2Cu undergoes partial decomposition and releases a part of the Mg
and this results in a phase composition of MgCu2. Thermodynamically, the
Gibb’s free energy of MgCu2 is lower than that of Mg2Cu and this explains
the formation of MgCu2 which is more stable at higher reaction tempera-
tures. There were reports on the deleterious effects of MgCu2 formation in
Cu sheathed conductors at temperatures above 750◦C [163–165]. These
reactive phases both Mg2Cu and MgCu2 act as obstacles to the supercur-
rent flow, creating weak links among MgB2 grains.

For the Fe introduced sample, Fe remains inert towards both Mg and B
at temperatures up to 825◦C (figure 4.1 c). For the 900◦C heat treated
sample, the intermetallic compound Fe2B begins to form due to reaction of
Fe with boron. Being highly brittle in nature Fe2B worsens the mechanical
and conduction properties of the superconductor. Studies by Grovenoret
al [166] showed the formation of Fe2B at temperatures in excess of 850◦C.
However, the bestJC for MgB2 wires are generally obtained with Fe as the
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Figure 4.1:Powder XRD pattern of sheath material viz.(a) Ag, (b) Cu, (c) Fe, (d)
Ni, (e) SS and (f) Ta added samples heat treated at different temperatures.

sheath material [167, 168], for relatively low temperature(< 850◦C) heat
treated wires/tapes wherein the reaction between Fe and Mg/B is minimal.

70



4. Preparation and characterization of MgB2 wires and tapes 71

Ni added samples showed significant reaction at temperatures as low as
600◦C causing the formation of Mg2Ni (figure 4.1 d). At higher tempera-
tures, boron also take part in the reaction process resulting in the formation
of the tertiary compound MgNi2.5B2 in large quantities. Bellingeriet al
[169] observed a thick reaction layer of MgNi2.5Bi2 by neutron diffraction
at the Ni-MgB2 interface while fabricating monofilamentary tapes.

Mg and B are found to be exceptionally inert with respect to stainless
steel even up to the highest heat treatment temperature of 900 ◦C (figure 4.1
e), suggesting the chemical compatibility of SS for MgB2 wire fabrication.
It may be recalled that SS tubes were used for preparing all the samples
in this study. However, not even a trace of any reacted phase is observed
in any of the samples under the extreme heat treatment conditions used.
No chemical reactions have been observed for the Ta introduced in situ
processed samples upto a temperature of 825◦C (figure 4.1 f). At higher
temperatures, Ta begins to react with B forming TaB2 inside the core. The
results of reactivity ofin situprocessed MgB2 with various sheath materials
at different temperatures are summarized in Table 4.1.

Table 4.1:Reaction products of Mg/B with various sheath materials.

Sheath Heat treatment temperature

material 600◦C 675◦C 750◦C 825◦C 900◦C

Ag Ag0.24Mg0.76 Ag0.24Mg0.76 Ag0.24Mg0.76 MgAg MgAg
Cu Mg2Cu Mg2Cu Mg2Cu MgCu2 MgCu2
Ni Mg2Ni,

MgNi2.5Bi2
MgNi2.5Bi2 MgNi2.5Bi2 MgNi2.5Bi2 MgNi2.5Bi2

Fe No reaction No reaction No reaction No reaction Fe2B
SS No reaction No reaction No reaction No reaction No reaction
Ta No reaction No reaction No reaction No reaction TaB2

Figure 4.2 depicts the formation profile of the various phases formed
in the reaction mixture with different sheath material powders during the
in situ processing of MgB2 heat treated at different temperatures. ‘Other
phases’ labeled in the figure refers to all phases other than MgB2 present
in the samples and ‘reactive phase’ refers to compounds of sheath material
with Mg and B. In all the cases formation of MgB2 starts at 600◦C and
the reaction rate attains a maximum in the temperature rangefrom 675
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Figure 4.2:Quantitative values of the various phases formed in the sheath material
(a) Ag, (b) Cu, (c) Fe, (d) Ni, (e) SS and (f) Ta introducedin situ processed MgB2
at different temperatures.

to 750 ◦C irrespective of the added sheath material powder. For Fe, SS
and Ta the MgB2 formation curves are almost identical (figure 4.2 c, e and
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f) yielding high purity MgB2 (Vol.% of 96.2, 97.2 and 96.1 respectively)
at a temperature of 825◦C with little or no reacted phases. Beyond this
temperature the rate of MgB2 formation stagnates without any significant
deterioration in purity upto 900◦C. But Ag, Cu and Ni added samples
show (figure 4.2 a, b and d) markedly larger amount of reactivephases,
considerably reducing the relative amount of MgB2 phase in the core to
78.8%, 86.8% and 68.8% respectively within the temperature900 ◦C. Of
these, volume % of MgB2 is lowest for the Ni added samples. The much
higher reactivity of Ag, Cu and Ni make them unsuitable for the fabrication
of MgB2 based conductors even at lower temperatures.

Figure 4.3:SEM images of the sheath material viz. Ag, Cu, Fe, Ni, SS and Ta
added samples heat treated at 900◦C/2h.

73



74 4. Preparation and characterization of MgB2 wires and tapes

Figure 4.3 shows the scanning electron micrographs (SEM) ofvarious
sheath material introducedin situ processed MgB2 samples heat treated
at 900◦C/2h. Typical hexagonal grains of MgB2 can be observed in all
the microstructures. However, larger quantities of fine grained precipitates
of the reacted products are observed for Ag, Cu and Ni added samples,
showing their extensive reaction with Mg and/or B. In order to find out the
atomic composition of the reacted phases energy dispersiveX-ray (EDX)
analysis was carried out. Figure 4.4 shows typical energy dispersive spec-
tra (EDS) of the precipitated areas of Ag and Cu addedin situ processed
MgB2 samples. The EDX microanalysis has revealed that the precipitated
area of Ag added sample has an approximate atomic composition Mg : Ag
of 1:1 (MgAg) and for Cu added sample, it has a composition Mg:Cu of
1:2 (MgCu2). These observations are consistent with the X-ray diffraction
studies.

Figure 4.4:Energy dispersive spectra (EDS) of the reactive phase formed in Ag
and Cu added samples heat treated at 900◦C/2h.

For anin situ conductor fabrication method, the sheath material plays a
very crucial role in determining the superconducting properties of MgB2

conductors. Conductors with better properties could be achieved if we
use the right sheath material which should be primarily non-reactive with
Mg/B at heat treatment temperatures. The present study shows that Ag, Cu
and Ni undergo markedly higher reaction during thein situ processing of
MgB2, which make them unsuitable for conductor fabrication. On the other
hand, SS, Fe and Ta show no or very little reaction at the heat treatment
temperatures and hence these can be considered as potentialcandidates for
MgB2 wire manufacturing. However, factors such as limited mechanical
workability of SS and high cost of Ta make Fe, the best choice as the sheath
material forin situMgB2 wire/tape fabrication.
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4.2 Influence of sheath material reactivity on
superconducting properties of MgB2

4.2.1 Experimental Details

Based on the above study of the reactivity of various sheath materials with
Mg/B, four samples, added with Fe, SS, Cu and Ni, (10 wt.% of each) and
heat treated in air at 825◦C for 2 hours were selected for superconducting
property measurements. Here after the samples added with SS, Fe, Cu and
Ni are named as MBSS, MBFe, MBCu and MBNi respectively. The super-
conducting magnetic measurements were carried out by a vibrating sample
magnetometer in Physical Property Measuring System (PPMS), Quantum
Design, USA on the rectangular shape of samples having sizesof 3mm×
3mm× 1.5mm.

4.2.2 Results and discussions

The XRD patterns of the samples are shown in different plots in figure 4.1.
However for the sake of comparison, the XRD patterns of samples added
with SS, Fe, Cu and Ni sheath powders and heat treated at 825◦C for 2h
are shown in figure 4.5. All X-ray diffraction results give sharp peaks of
MgB2 phase with only a minute fraction of MgO. The impurity phases
formed are marked in the figure. Lattice parameter calculations show that
there is no significant variation in lattice parametersa or c of MgB2 (table
4.2) within the experimental limit. This indicates that theadded sheath
materials are not substituted at either Mg or B sites in MgB2. The lattice
parametersa andc, Vol.% of MgB2 phase,TC, Hirr andJC data for MBSS,
MBFe, MBCu and MBNi samples obtained from this work are summarized
in table 4.2.

Figure 4.6 illustrates the DC magnetization versus temperature (M-T)
plots in zero field cooled (ZFC) condition under an applied field of 20 Oe
for SS, Fe, Cu and Ni added MgB2 samples. The ZFC branch of the mag-
netization undergoes a diamagnetic transition in the range37.8-38.5 K.
Fe added sample shows relatively higherTC (38.5 K) whileTC of MBSS
(38.2 K) and MBCu (38.3 K) are almost same and that of MBNi sample
is slightly lower (37.8 K). The lowerTC of Ni added sample may be due
to the reduction of superconducting volume (60% MgB2) which is cleared
from quantitative phase analysis of XRD data, as shown in table 4.2. The
samples MBSS and MBFe exhibit positive magnetization abovetransition
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Figure 4.5:X-ray diffraction patterns for MgB2 samples added with 10 wt.% of
sheath powder SS, Fe, Cu and Ni and heat treated at 825◦C/2h.

temperature, likely due to the paramagnetic or ferromagnetic nature of
additives. Although Ni is ferromagnetic below its curie temperature, Ni
added MgB2 sample does not show any positive magnetization aboveTC

since the Ni powder reacted with Mg and B forming MgNi2.5Bi2.

Table 4.2:Structural and superconducting characteristics of MgB2 samples added
with sheath materials.JC andH irr values are are at 5 K

a c Vol. of TC JC at 2 T JC at 5 T Hirr

Sample (Å) (Å) MgB2 (K) (A/cm2) (A/cm2) (T)
(%) (× 104) (× 103)

MBFe 3.086 3.525 97.2 38.2 11.8 6.8 7.8
MBSS 3.089 3.523 96.2 38.5 8.5 5.2 7.7
MBCu 3.084 3.526 86.6 38.3 5.2 2.9 7.1
MBNi 3.086 3.525 60.0 37.8 4.5 2.0 6.9

The field dependent magnetization of MgB2 samples added with sheath
powders SS, Fe, Cu and Ni is shown in figure 4.7. It appears thatthe first
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Figure 4.6:M-T plots in zero field cooled (ZFC) condition at 20 Oe for MBSS,
MBFe, MBCu and MBNi.

and third quadrants and the second and fourth quadrants are replica to each
other. The magnetic hysteresis loop widths of MBSS and MBFe are larger
than those of MBNi and MBCu showing the former’s higher magnetiza-
tion under external magnetic field. Samples MBFe and MBSS show slight
paramagnetic shift due to the presence of paramagnetic components such
as Fe and SS powders.
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Figure 4.8:JC(H) curves at 5 K of MgB2 samples added with sheath powders SS,
Fe, Cu and Ni.

The critical current density (JC) was estimated from the width of the
M-H curves in applied fields (H) at 5 K by using Bean model. Figure 4.8
shows the dependence ofJC with magnetic fields upto 8 T. As shown in the
figureJC(H) characteristics imply that the intragrainJC of Fe added MgB2
sample attains better values among all samples. The intragrain JC values
for MBFe sample are 11.9× 104 A/cm2 at 2 T and 6.8× 103 A/cm2 at 5
T whereas for MBSS sampleJC values at 2 T and 5 T are 8.5× 104 A/cm2

and 5.2× 103 A/cm2, comparable to that of Fe added sample.JC values
of sample MBCu are 5.2× 104 A/cm2 at 2 T and 2.9× 103 A/cm2 at 5 T
and those of MBNi are 4.5× 104 A/cm2 at 2 T and 2× 103 A/cm2 at 5 T.
EnhancedJC values of Fe and SS added samples show a direct correlation
with their better phase purity comparing with Cu and Ni addedsamples.
At higher fields MBSS and MBFe samples show two or three times larger
JC than the other samples containing reacted phases. The steepdrop inJC

at higher fields (> 6 T) in all samples is attributed to the flux penetration
into the grain boundaries that may contain impurities. The weaker grain
connectivity and greater flux penetration due to the presence of impurities
of reacted sheath powders in the grain boundaries lead to a larger reduction
of JC in MBCu and MBNi samples at higher fields.
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The irreversibility fieldHirr , defined as the field at which critical current
JC falls below 100 A/cm2, for all samples at 5 K is shown in table 4.2.
For MBFe and MBSSHirr values at 5 K are 7.8 T and 7.7 T while those
of MBCu and MBNi are 7.1 T and 6.9 T respectively. HigherHirr of Fe
and SS added samples is attributed to the higher superconducting area, bet-
ter microstructure and unreacted sheath powders in MgB2 acting as grain
boundary pinning centers. The reacted additives in Cu and Niadded sam-
ples reduce the superconducting area and weaken the grain connectivity
without any enhancement in flux pinning, causing reducedJC(H) andHirr

values.

From the results it is very clear that Fe is the most suitable material
with respect to chemical inertness with Mg/B at the reactiontemperature
and retention of superconducting properties of the MgB2 core. Fe is easily
available and is relatively cheap. It has adequate hardnessto give mechan-
ical support to the brittle superconducting core. It has enough strength and
ductility to withstand mechanical rolling. Fe sheath effectively acts as a
diffusion barrier for the volatile and reactive Mg. Considering these facts
we choose iron as the sheath material for MgB2 conductor fabrication.

4.3 Preparation of MgB2 conductors

Mono and multifilamentary MgB2 wires and tapes were prepared by the
in situ Powder-In-Tube (PIT) method. Figure 4.9 presents the preparation
method of mono and multifilamentary MgB2 wires and tapes.

4.3.1 Monofilamentary wires and tapes

Fe tubes of length 2.5-5 cm, outside diameter 4 mm and inside diameter
2 mm were used for the regular short length conductor fabrication. For
long length conductors 5-10 cm long and OD/ID of 8/6 or 5/3 mm tubes
were used. The tubes were filled with homogeneously mixed Mg and B
powders and mechanically compacted. Brass studs were used as plugs to
seal the ends of the tubes. The composite tubes were groove rolled down to
desired dimensions without any intermediate annealing. The regular wires
prepared had a diameter of 1.4-2.0 mm, while the minimum diameter for
rolled wire was∼ 1.1 mm. For the preparation of tapes these groove rolled
wires were then flat rolled to the desired geometry, using a flat roller. Typi-
cal flat rolled tapes had dimensions 3-4× 0.8-1.6 mm (width× thickness).
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The ends of the wires and tapes were sealed by arc welding. These wires
and tapes were then heat treated at 650-750◦C for 0.5-2 hours. Some of
the wires/tapes were heat treated by electrical self-heating (described in
section: 4.8) and others were heat treated in a muffle furnace. After heat
treatment short length samples were cut for various characterizations.

Homogenously mixed 

Mg and B powders 

Packing in Fe tubes

Filling of mono wires 

+ Cu rods in Ni tubes

End sealing and heat treatment

Groove rolling

Mono wire

Flat rolling

Monofilamentary 

MgB   wire

Monofilamentary 

MgB   tape

Multifilamentary 

MgB   wire

Multifilamentary 

MgB   tape2 2 2 2

Groove rolling

Multi wire

Flat rolling

Figure 4.9: Flowsheet showing the preparation method of mono and multifila-
mentary MgB2 wires and tapes.

4.3.2 Multifilamentary wires and tapes

In a stabilized practical multifilamentary conductor, there has to be many
filaments of sheathed MgB2 superconductor in a metallic matrix. A signifi-
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cant area fraction of the multifilamentary conductor must contain a thermal
stabilizer material:- metals with high thermal and electrical conductivities.
During an accidental quench the stabilizer has to dissipatethe heat gen-
erated in the conductor as fast as possible. The stabilizer also provides a
parallel path to the current flow during the quench. In the present work we
prepared multifilamentary MgB2 conductors using Fe as inner sheath, Cu
as stabilizer and Ni as outer sheath. Cu is used as the stabilizer, since it has
high thermal and electrical conductivity and relatively low cost.1 The outer
sheath must have good mechanical properties to support the conductor and
must be chemically stable with environment. We have considered stainless
steel (SS), mild steel (MS), monel (an alloy of Cu and Ni) and Ni for the
outer sheath material. Among these Ni is chosen as the outer sheath due to
its high oxidation resistance at high temperature heat treatment and good
mechanical properties.

To prepare multifilamentary wires the grove rolled monofilamentary wires
(OD∼ 2-2.5 mm) were cut, bundled and packed inside Ni tubes of outside
diameter 8 mm and inside diameter 6 mm. Cu wires of diameter 0.75-2
mm were also bundled inside the Ni tube along with the filaments. The
composite was then then groove rolled for multifilamentary wires. For the
preparation of tapes these groove rolled wires were then flatrolled to the
desired geometry. The rolled wires and tapes were then heat treated as
in the case of monofilamentary ones. The maximum length of thewire
prepared is about 2 m and the maximum number of filaments in multifila-
mentary wires is 10. A typical wire has 1.5-2 mm outside diameter and a
typical stabilized tape has the dimensions of∼ 1-2 mm thickness and 3-5
mm width and upto 10 superconducting filaments.

Figure 4.10 shows a schematic diagram of the filling and rolling pro-
cesses for both mono and multifilamentary conductors and forboth wire
(groove rolling) and tape (flat rolling) rolling. For the rest of the thesis, the
following short names are used to represent mono and multi filamentary
wire and tape samples.

Mono (Single) filamentary Wire SW
Mono (Single) filamentary Tape ST
Multi filamentary Wire MW
Multi filamentary Tape MT

1Silver (Ag) also has high thermal and electrical conductivity, but it is expensive.
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Figure 4.10:Schematic diagram of the filling and rolling processes for mono and
multifilamentary conductors.

4.4 Problems faced during fabrication of con-
ductors

Compared to the MgB2 bulk preparation, the wire and tape preparations
were faced with a number of problems. The major problem facedduring
fabrication was the cracking of the sheath material. Even micro cracks
proved costly because MgO content of such samples was very high which
seriously affected the superconducting property. Figure 4.11 (a) shows a
piece of wire which cracked during rolling. Figure 4.11 (b) shows the same
region after the heat treatment. Here the crack is further developed and the
MgO formed is seen as a white cloudy mass. For wires and tapes the sur-
face cracking during rolling arises mainly due to work hardening and/or
sheath thinning. By selecting tubes with proper wall thickness, optimizing
the initial powder packing density and controlling the areareduction rate
during rolling etc we could solve the sheath cracking problem completely.
For tapes, in addition to the surface cracking, there was edge cracking
also. This generally occurred during initial stages of flat rolling, where the
cross section of the conductor starts to change from circular to rectangular.
This problem also was solved by controlling the rolling parameters such
as rolling speed and area reduction ratio per pass etc. For both wires and
tapes the cracking tendency was higher for multifilamentarygeometries.
The problem of cracking was more in lower grooves.

In the case of multifilamentary conductors the ductility mismatch be-
tween Fe, Cu and Ni also caused rolling problems. These materials elon-
gate differently during the initial stages of rolling. The initial non uniform
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Figure 4.11:Photograph of (a) a macro scale crack on the surface of a rolled
mono wire and (b) the same region after heat treatment (The photograph is taken
on electrically self-heated sample). Here the crack is further developedand the
MgO formed is seen as a white cloudy mass.

elongation results non uniform properties at both the ends,compared to
the middle of the conductor. As the rolling progresses the diameter of the
composite tube gets reduced and the whole composite elongates together.
In order to account this, a portion of both ends of the rolled conductors
were cut before heat treatment. The end sealing of conductors before heat
treatment also raised some hurdles. Fe is easily weldable while Ni and Cu
are not. A capping technique is used to perfectly seal the ends. In this, the
ends of the conductors were inserted to suitable iron tubes of short length
and mechanically fixed with the conductor and then ends of theiron tubes
were welded. Figure 4.12 shows schematic illustrations of the problems as
described above.

Surafce cracking Edge cracking

Nonuniform rolling 

of different metals

Figure 4.12:Schematic Illustrations of some of the problems faced during rolling.
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Figure 4.13:SEI SEM images of cross sections of (a) mono wire, (b) mono tape
and (c) the core of mono wire.

4.5 Structural characteristics of MgB2 conduc-
tors

Figure 4.13 shows the SEI SEM images of a mono filamentary wire(a)
and tape (b). The images also show distinct and clear sheath and core as
observed in the optical micrographs. Figure 4.13 (c) shows the enlarged
view of the core of the wire. The image shows large pores in thecore,
characteristics ofin situ synthesized MgB2, caused due to the low green

Figure 4.14:Optical micro graphs of multifilamentary MgB2 conductors (a) 4
filament wire (b) 8 filament wire and (c) 4 filament tape. Dimensions : OD =2.1
mm for wires and cross section = 4× 1 mm2 for tape.
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density of the mixtures and the volume shrinkage during MgB2 formation.

Figure 4.14 shows the optical micrographs of the cross sections of some
of the monofilamentary and multi filamentary samples. The micrographs
show the MgB2 core distinct and clear in both mono and multi. The outer
sheath, superconducting core and the metallic matrix are clearly visible and
distinguishable. The core-sheath interface is observed tobe distinct, indi-
cating the non-reactivity of the core with sheath metal. TheCu wires are
also clearly visible without any significant diffusion between the different
metals. No cracks or non uniformities were observed and the cross section
of the wire and tape are almost circular and rectangular respectively in the
micrographs.

Optical microscopy measurements, taken with the help of a scale built
into the eyepiece, were used for the exact estimation of coreand sheath
cross sectional areas of mono/multi filamentary wires/tapes. For both mono
wires and tapes, MgB2 core has∼ 25% and the Fe sheath has∼ 75% of the
total cross sectional area respectively. The relative cross sectional area of
MgB2 core for mono filamentary wire and tapes are shown in figure 4.15.
For a typical multifilamentary conductor the cross sectional area∼ 10%
for MgB2 core,∼ 8% for Cu,∼ 35% for Fe and∼ 47% for the outer Ni
sheath.
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Figure 4.15: The cross sectional area of MgB2 core (in percentage) for mono
filamentary wires and tapes for different diameter and thickness.

The powder XRD pattern of the ground MgB2 core of a monofilamen-
tary wire is shown in figure 4.16, as a typical case. Crystalline MgB2

with minor amounts of MgO is observed in the samples. Unlike some of
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the earlier reports no peaks of Fe containing phases such as FexB phases
are observed in the samples. This shows the non-reactivity of the sheath
material with the Mg/B powders at the reaction temperature.The quality
(crystallinity and phase purity) of MgB2 formed in the wire/tape is as good
as that of MgB2 bulks prepared by PIST method as discussed in chapter 3.
Calculated lattice parameters of the prepared MgB2 wires and tapes were
consistent with the values observed for bulks.
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Figure 4.16:Powder XRD pattern of the ground MgB2 core of a monofilamentary
wire.

4.6 Superconducting properties of MgB2 con-
ductors

Figure 4.17 and 4.18 show the resistance versus temperatureplots of a
mono and multifilamentary wire and tape samples. Inset of thefigures
show the enlarged plots near the transition region. Both mono and multi
wire and tape have sharp transition at around 39 K. Mono filamentary con-
ductors have a transition temperature (TC) in the range 38.2-39.0 K with
transition width∆TC < 1 K. For multi filamentary conductors theTC was
in the range 38.0-38.5 K with transition width∆TC < 1.5 K. The almost
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Figure 4.17:R-T plots of typical monofilamentary wire and tape. Inset of the
figure shows zoomed view near the superconducting transition.

constantTC and low∆TC values of the wires/tapes as those observed in
bulk samples indicate the good quality and homogeneity of the supercon-
ducting core in the wire/tape.
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Figure 4.18:R-T plots of typical multifilamentary wire and tape. Inset of the
figure shows zoomed view near the superconducting transition.
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Figure 4.19:Photograph of a sample contact melted during high current transport
measurement.
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Figure 4.20:I-V plot of a typical monofilamentary MgB2/Fe wire (1.33 mm di-
ameter) at different temperature.

Another important task is to find the current carrying capability of the
prepared conductors. The measurement of transport currentproperties of
MgB2 conductor is difficult especially at high currents (in self-field). The
rapid warming of the current contacts may cause a premature quench and
subsequent burn out of the sample. In cases when very high currents are
passed the contact, especially the solder joints melts. Figure 4.19 shows
the photograph of such a sample where the contact is broken. The cur-
rent contact melted while passing∼ 870 A current through the sample
(monofilamentary wire of OD∼ 1.33 mm, length 3 cm) at 4.2 K and self-
field. In the present study I-V measurements (cryocooler based) were done
at relatively high temperatures to restrict the current to low values, other
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wise the heat generated at the current leads and contacts make the transport
measurements difficult in the conduction cooling system.2

Figure 4.20 shows the I-V characteristics of a monofilamentary MgB2

wire at different temperatures. The sample had a length of 6.5 cm and
∼ 1.33 mm diameter. The wire had a MgB2 core of∼ 0.68 diameter.
the sample was heat treated at 650◦C for 1 hour. The I-V measurement
is done at 28, 30, 31 and 32 K using a closed cycle cryostat, where the
sample is cooled by conduction. Current is passed through the sample for
few seconds and the corresponding voltage drop across a tap of gap 2 cm is
noted and then the current was switched off for few seconds toremove the
heat generated in the current leads. The wire showed a critical current of
∼ 91 A at 28 K, 85 A at 30 K, 75 A at 31 K and 56 A at 32 K respectively.
Table 4.3 shows the corresponding critical current densityand engineering
current density for the sample. The sample have a engineering current
density of more than 103 Acm−2 and critical current density of more than
104 Acm−2 at a temperature around 30 K.

Table 4.3:Critical current characteristics of the sample for the I-V plot shown in
figure 4.20

Temperature IC JE JC
(K) (A) (× 103 Acm−2) (× 104 Acm−2)

28 91 6.5 2.5
30 85 6.1 2.3
31 75 5.4 2.1
32 57 4.0 1.5

Figure 4.21 shows the I-V characteristics of selected multifilamentary
wires and tapes at 30 K. The corresponding engineering and critical current
densities are tabulated in the inset of the figure. The wires have 1.6 mm
diameter and 5 (for MW1) and 8 (for MW2) superconducting filaments.
The tapes measured have cross sections 3.2× 1.0 and 2.6× 1.1 (in mm)

2During the undesirable quench the measured parameters may not be the intrinsic property
of the conductor. It has also been suggested that some of the highn (sharp transitions) values
measured arise due to the heating during the I-V measurement, rather than the intrinsic value
[170]. In order to avoid these difficulties it is a general practice to measure the transport
properties at relatively higher temperatures or higher applied fields [171–174].
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and 4 superconducting filaments. Sample MW1 has a sharp transition at
around 96 A, while the 8 filament multifilamentary wire of sameOD has
a less sharp transition at around 80 A. The tape samples have relatively
lower IC andJC values compared to the wire samples.
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Figure 4.21:I-V plot of typical multifilamentary MgB2 conductors at 30 K.

4.7 Continuous current characteristics of mul-
tifilamentary MgB 2 conductors (In helium
vapour)

In the present work transport current measurements of the MgB2 conduc-
tors were done using a closed cycle cryocooler based cryostat or in a liquid
helium cryostat. In the cryocooler based measurements the sample was in
a vacuum chamber and was cooled by conduction. In the liquid helium de-
war or cryostat, the sample was in liquid or vapor helium and was cooled
by the direct contact with liquid or vapor helium. In the cryocooler mea-
surements transport currents were passed for short durations only, while in
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the liquid helium cryostat measurements the transport currents were passed
continuously, with different ramp rates. This section describes the results
and analysis of continuous transport current measurementsdone in liquid
helium cryostat. All the measurements were done at the superconductor
and magnet division, Institute of Plasma Research (IPR), Gandhinagar.

Figure 4.22: (a) I-V plot of a multifilamentary wire at different temperatures,
(b) the variation of critical current with temperature and (c) I-V plot fordifferent
current ramp rates.

Figure 4.22 (a) shows the I-V plots of a multifilamentary wireat different
temperatures. Figure 4.22 (b) shows the plot of critical current (IC) versus
temperature for the sample. The measurements were done withcurrent
ramp rate of∼ 1 A/S. The sample measured had an outer diameter of∼
2.0 mm, length of 10.5 cm. The voltage taps were soldered in the middle
of the sample with a gap of 6.5 cm between them. The sample shows
relatively sharp transition at lower temperatures, but thetransition is less
sharp or slightly broadened at higher temperatures. In the I-V plot at 6.7
K, the voltage across the voltage tap increases sharply above 151 A. And
thus 151 A is taken as theIC of the sample at 6.7 K. The sample hasIC

of 151 A 6.7 K, while at 23.6 K the value ofIC is decreased to 68 A. The
value ofIC of the sample decreases almost linearly with the temperature.

In all the I-V plots, before the sharp rise in the voltage (forcurrents be-
low IC) a current depended linear background voltage is observed.This
background voltage observed is due to the current transfer problem [pages
307-317 of ref: 175]. In principle, for currents far below the critical current
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the voltage should be close to zero. This background voltageobserved in
the samples is due to the current sharing problem between thesupercon-
ducting filaments and the metallic materials (sheath, matrix and stabilizer),
and the problem of current transfer needs special attentionfor the develop-
ment of MgB2 conductor.

In a sheathed conductor, the transport current has to pass through the
contact materials (current lead and solder) and also through the metallic
sheath before entering into the superconducting core. The penetration of
current from the outer core to the superconducting core happens over a
length, depending on the nature of the sheath material and the interface
between the sheath and superconductor [176, 177, and pages 306, 307 of
ref:14]. such a current transfer is accompanied by additional voltage close
to the current contact [178, 179].3

Figure 4.22 (c) shows the I-V characteristics of the wire measured with
different current ramp rates at 6.7 K. The background voltage observed is
independent of the current ramp rate at all the temperatures. But the onset
of sharp rise in voltage (IC) shows some dependence with the current ramp
rate. In general the value ofIC is slightly higher for measurements done
with higher current ramp rate. This is behavior is observed for measure-
ments done at other temperatures also.

Two more multifilamentary samples (one wire and one tape) were mea-
sured for analyzing the transition details. The details of samples are given
in table 4.4. The samples used had four MgB2 filaments and voltages from

3In a straightforward model of a joint between a metal lead and a superconductor the
current in the lead decays exponentially [179, 180] and the current transfer length is approx-
imated as the ratio between the transverse matrix to filament resistance and the longitudinal
matrix resistance. So that

λ =

√

Rb × tn
ρn

where Rb is the resistance per unit area of the matrix-superconductorinterface and tn is the
interface thickness andρn is the longitudinal resistivity of the matrix (sheath). Fromthis
equation it is clear that the current transfer length increases with interface resistance and its
thickness, which are much higher in the case of multifilamentaryconductors. For a typical Fe
sheathed mono filamentary MgB2 conductor the current transfer length will be several (1-4)
milli meters [178, 179]. For a multifilamentary conductor (as studied here) there are materials
with different resistivities and different interfaces, making the current transfer from the outer
sheath to the superconductor much more complex.
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two sets of taps from each sample were monitored for studyingthe nature
of transition.

Table 4.4:Details of samples measured for I-V characteristics.

Sample Geometry Cross sectional Length Distance (cm) between voltage taps
name dimensions (cm) Tap 1 Tap 2

MW wire φ = 2.1 mm 10.5 6.0 10.0
MT tape 3.0× 1.2 mm2 7.5 3.7 7.0

Figure 4.23 shows the I-V characteristics of the MW and MT samples,
at 15 and 21 K, respectively. Figure 4.23 (a) shows the I-V plots in linear
scale and, while figure 4.23 (b) shows the same with the y axis (Voltage) in
log scale. For both the samples current is charged at∼ 1 A/s. The sample
MW shows a sharp transition at 208.4 A (at 15 K). The transition point
is same (208.4 A) for both the voltage taps having gap 6 and 10 cm, and
the voltage rises sharply for both the taps above the transition. The similar
response in both the voltage taps indicates good superconducting homo-
geneity along the length of the sample. For the tape sample the transition
is less sharp compared to the wire. The transition (voltage rise) started at
around 110 A in both the voltage taps and the slop of the curve changed
significantly around 150 A.
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Figure 4.23:I-V plot of samples MW and MT in(a) linear-linear and (b) log-linear
scales.

The log scale plot given in figure 4.23 (b) clearly shows the current de-
pended voltage below the sharp rise in voltage. The values ofbackground

93



94 4. Preparation and characterization of MgB2 wires and tapes

voltage were more in tap 2 for both the wire and tape samples. This is
expected as the tap 2 has large gap between them and are close to the cur-
rent contacts than tap 1. So that the current transfer interfered with these
readings. The background voltage is more for the tape sample.
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Figure 4.24:Transport current, voltage across taps and the sample temperature
during the measurement, for (a) wire and (b) tape sample. Legends are I:Current,
V1: Voltage at tap 1, V2: Voltage at tap 2 and T: Temperature.

Figures 4.24 (a) and (b) show the transport current, voltageacross the
two voltage taps on the sample and the sample temperature during the mea-
surement for the wire and tape samples respectively. The current values are
shown in multiples of hundred for clear visibility. For boththe wire and
tape the two figures show identical behavior (except the values of the pa-
rameters). Considering the plot of wire sample, the sample showed anIC of
208.4 A as shown in I-V plots. At this value of current the voltage across
of both the taps raised sharply. The current sources voltage(not shown
here) also rose suddenly for this current and as the power supply voltage
reached a preset value (8 V in this case) the current is cut offautomatically.
Consequently the voltages across the two taps decreased.

The temperature of sample was 15 K at the start of current charging and
the temperature linearly increased with current upto∼ 208 A. At this cur-
rent the sample temperature was 16 K, 1 K above the starting temperature.
This increase in temperature is due to the current sharing with resistive
matrix and insufficient thermal stability of the composite conductor. The
current passing through the normal resistive layers near the current con-
tacts (within the CTL) generates heat. This heat generationat the ends of
the composite can cause undesirable quenching of the superconductor at
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transport currents much lower than the current it can actually carry. In the
present case, at the onset of transition (around 208 A) the sample temper-
ature is 16 K and then there is sudden increase of temperatureby ∼ 2 K.
The sample showed increased temperature even after the current is turned
off and the temperature settled at 4 K above the temperature before transi-
tion. This shows the sudden quenching and rapid warming of the sample
at around the current of 208.4 A.

For the tape sample the rise of temperature was even higher. During the
quenching the temperature of the increased from 21 K to 42 K!.This is
above the transition temperature of MgB2. One thing here to suspect is
whether the observedIC is a true critical current of the sample or a reduced
one due to the temperature increase (insufficient cryostability). These re-
sults clearly shows the insufficient thermal stability of the prepared mul-
tifilamentary MgB2 conductors. For the practical use of multifilamentary
MgB2 conductors the thermal stability has to be ensured and thereis a
great need for further research to address this issue. As observed earlier
for the above wire and tape samples the relative area of MgB2 core is∼
10% and the area of Cu thermal stabilizer is∼ 8%. The low thermally and
electrically conducting Fe and Ni occupy a significant percentage of the
area of the crosssection (∼ 82%). This is the reason for the in sufficient
thermal stability of the conductures. Future research mustbe focussed on
increasing the Cu and MgB2 area fraction without sacrifising the strength
and quality of the conductor.

4.8 Preparation and characterization of MgB2

conductors by electrical self-heating

In the electrical self-heating method sheathed MgB2 conductors were pre-
pared by heating the conductor using electric current (either DC or AC), in-
stead of the regular furnace heating. For the electrical self-heating method,
mono filamentary wires/tapes were rolled as described in section 4.3. These
fabricated wires were then subjected to electrical self-heating by employ-
ing a DC current source (Voltage : 0-20 V, Current : 0-30 A).

4.8.1 Experimental details

For a typical sample preparation wire sample of length about50 cm was
held horizontally through the axis of a tubular thermal insulator (inside
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diameter: 2.5 cm) fabricated from alumina fiber board and theends of
the sample were connected to the current source through a programmable
temperature controller, a thermocouple which was kept at the middle of
the sample to monitor the temperature. The sample was heatedby pass-
ing a suitable current through the sample, either manually or automatically
through a PC interface. A schematic diagram of the set up usedfor electri-
cal self-heating is shown in figure 4.25. Figure 4.26 shows the photograph
of the set up used to electrically self-heat samples of length 10-30 cm in
air. The thermal insulation is removed for clear visibilityof the sample.

ThermocoupleThermal insulator

Sample Current contact

3

21

4

Current 
source

Programmable 
temperature controller

2 2

3

3
1

4

Figure 4.25:Schematic diagram of the preparation of MgB2 conductors by elec-
trical self-heating method.

Figure 4.26:Photograph of electrical self-heating of a MgB2 conductor.
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4.8.2 Results and discussion

The results of two monofilamentary wire samples, SW1 with OD = 1.1
mm and length = 40 cm and SW2 with OD = 1.6 mm and length = 25
cm are discussed here. For both the samples the Fe sheath to MgB2 area
fraction is around 80:20. The sample SW1 was heated at 750◦C for 15
minutes and SW2 was heated at 700◦C for 30 minutes. The figure 4.27
shows power schedule for sample preparation for the two typical cases.
For SW1 the energy required for one typical experiment is estimated to be
about 60 Whr only, of which about 30 Whr (7 V× 17 A × 0.25 hr) is
used for soaking for 15 minutes and 30 Whr is used for controlled heating
and cooling. The time required for one experiment is typically 45 minutes.
For SW2, the total energy required is about 70 Whr, of which∼ 45 Whr
is used for soaking at 700◦C for 30 minutes and the remaining 25 Whr is
equally shared for heating and cooling. The total time takenfor SW2 is
one hour. Evidently, the ESH method is highly energy efficient since the
electric power is used only for heating the sample alone.
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Figure 4.27:Power schedule for typical electrical self-heating experiments.

Figure 4.28 shows the XRD patterns of the wire samples SW1 and SW2
prepared by electrical self-heating method. The XRD patterns reveal that
almost phase pure MgB2 is formed in the samples with very sharp and
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strong peaks comparable to that observed in furnace heat treated wire/ tape
samples. No peaks of FexB phases are observed here also suggesting that
the sintering temperature used here is suitable for the formation of MgB2

wires with little or no reaction between Fe and the superconductor matrix.
Calculated lattice parameters of the prepared MgB2 were obtained asa =
3.086± 0.002 Å andc = 3.524± 0.001 Å, which are consistent with
values observed for bulks and other furnace heat treated conductors.
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Figure 4.28: XRD spectra of the core of samples prepared by electrical self-
heating method.

TheTC of the samples from R-T measurements were found to be 37.90
K and 38.45 K for SW1 and SW2 respectively. The I-V plots at 25 K for
the samples are also shown in figure 4.29. The sample SW1 has a relatively
low IC due to its smaller cross section. These transport properties are com-
parable to those of samples prepared with furnace heat treatment. Thus it is
demonstrated for the first time that good quality MgB2 conductors can be
prepared by a simple and energy efficient electrical self-heating method.

The electrical self-heating produces good quality MgB2 conductors with
crystalline and superconducting properties as good as those of furnace heat
treated samples. Most of the electrical self-heating synthesis are done with
DC power source. However since AC power source is cheaper theuse of
AC source is also carried out and the results are found to be identical as
that of DC power source.
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Figure 4.29:I-V plots of samples prepared by electrical self-heating method.

The electrical self-heating method has many advantages such as less
power consumption, short preparation time, less preparation cost due to
the avoidance of special furnaces with inert gas atmosphere. The method
is highly suitable for processes wherein rapid heating or cooling is essen-
tial. It is possible to translate the method into a continuous hot rolling
process with an array of groove rollers initially for wire making followed
by a pair of rollers at the end to which electrical power can besupplied
directly. Thus from an industrial point of view the present method is more
economical and easy for continuous production of sheathed MgB2 conduc-
tors.

4.9 Summary and conclusions

A systematic study on the chemical computability of different sheath ma-
terials with Mg/B is conducted and based on the results of thestudy, Fe is
selected as a suitable sheath material for the MgB2 wire and tape prepa-
ration. Fe sheathed MgB2 wires tapes were prepared byin situ Powder-
In-Tube method in mono and multifilamentary geometries. Theprepared
multifilamentary wires were characterized for phase purityand supercon-
ducting properties. The prepared multifilamentary conductors have good
transport current carrying, comparable to the internationally reported for
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MgB2 conductors. A simple and energy efficient electrical self-heating
method is introduced for the preparation of MgB2 conductors.
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Chapter 5

Enhancement of in-field
critical current density of
MgB2 by selective chemical
addition

For technological applications of MgB2 superconductor, enhancement of
both the in-field critical current density [JC(H)] and upper critical field
(HC2) are essential. MgB2 has highJC values in self-field, typically 105-
106 A/cm2 at 4.2 K and 105-104 A/cm2 at 20-30 K [12, 133], however
the JC falls sharply in applied magnetic fields, due to weak flux pinning
and low upper critical field (HC2). In the recent years, significant research
is being continued and various techniques have been developed for the
improvement of flux pinning and henceJC(H) andHC2 of MgB2. Section
1.9 of chapter 1 discusses these issues.

Lattice defects and inclusions of suitable size can act as intense vortex
pinning centers [126] and improves the high field performance of MgB2

considerably. In MgB2, since lattice structure is rather rigid and the num-
ber of elements in the structure is only two, the density of defects intro-
duced by general preparation procedures is too low to provide effective flux
pinning. In pristine MgB2 flux pinning is mainly provided by grain bound-
aries. For effective pinning, lattice defects or inclusions can be introduced
by a variety of methods like thermo mechanical treatments, irradiation of
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high energy particle and chemical doping etc.

Irradiation of high energy radiation introduces atomic scale defects (point
or extended) and improves the high fieldJC of MgB2 considerably [127–
129]. Though theJC and HC2 increase, the irradiation technique is not
easily scalable for large scale production of long length conductors. On
the other hand chemical doping is considered to be the most suited and
preferred method for the introduction of pinning centers inpractical super-
conductors.

From metallic LTS to cuprate HTS, chemical substitution/addition has
been a major approach to improve their superconducting properties. Chem-
ical substitution is easy, favorable for large-scale production compared to
other methods used to improve the superconducting properties. Chemical
doping, like in other superconductors is an effective and scalable method
for modifying the properties of MgB2. Based on the nature of the dopant,
it can cause substituition at Mg/B site, or react with Mg/B toform reacted
secondary phases or can be included in the superconductor matrix with-
out any chemical reaction. All these defects can act as flux pinners and
can increase theHC2 andHirr values and hence enhance the in-fieldJC of
MgB2.

The final properties of added MgB2 depend on the chemical nature of
the additive, method of introduction and its distribution in the supercon-
ductor matrix. Various nano/submicron particles and materials including
metallic elements, carbon (in variuos forms like nanopowders, nanotubes,
graphite and diamond), carbides, silicides, nitrides, borides, oxides, and
some hydrocarbons have been introduced in MgB2 (see the recent papers
and reviews [84, 85, 130–134] and references therein). These additives
improved the flux pinning andJC(H) of MgB2 to different extents. The
better results are achieved for C based additives like nano C, diamond,
graphite, CNT, SiC, B4C and hydrocarbons [84, 85, 130–134]. This is
mainly due to the substitution of C at B site1 which induces lattice disor-
ders and strains, modifies theσ andπ band scattering and enhances the
HC2 of MgB2 significantly [69, 181]. Besides theHC2 enhancement, the

1Numerous attempts were made to substitute other elements for Mg and B in MgB2. How-
ever, MgB2 has not accepted substitution by other elements except Al, Mnand Sc for Mg site.
All these substitutions resulted in a reduction ofTC of MgB2 without any considerable im-
provement onJC.
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lattice distortions/defects and strains caused by C substituition improves
the flux pinning strength also.

The additives selected for the present work include materials commer-
cially available nano particles of rare earth oxides, nano particles of car-
bides and a non conventional natural material. The materials studied have
quite different chemical and physical properties and reactions with Mg/B
system. By the selective doping studies a significant enhancement of high
field critical current density by nearly two order of magnitude is achieved
in technically useful temperatures and fields.

All the samples were prepared by thein situ Powder-In-Sealed-Tube
(PIST) method as described in chapter 3. The superconducting charac-
terizations (DC magnetization) of the samples were done using a SQUID
or VSM based PPMS in collaboration with RRCAT, Indore and JNCASR,
Bangalore. Microstructural analyses were done at NIIST using powder
XRD, SEM, TEM and EDS measurements.

5.1 Influence of nano rare earth oxide (Tb4O7)

For most of the cuprate based HTS materials addition of rare earth based
materials is found to have strong influences on crystalline,microstructural
and superconducting properties. Since RE ions are larger than Mg2+, they
are likely to increase axis length if they are incorporated in the lattice of
MgB2. From the pressure dependence of axis lengths andTC of MgB2,
this can increase theTC [80, 182]. However the substitution of trivalent
RE ions for Mg2+ can decrease the hole density of states (DOS) at the
Fermi level of MgB2 and can decrease theTC, as in the case of Al doping
(see the extensive review [80] and references therein). Another possible
effect of RE doping is a change in critical current density. Although the
predominant pinning center in MgB2 is thought to be grain boundaries, it
has been reported that additions of REO introduce REB4 or REB6 particles
in MgB2 grains, which would act as pinning centers.

Addition of nano and submicron particles of rare earth oxides (RE ox-
ides) such as Y2O3, Dy2O3, Ho2O3 and Pr6O11 are found to increase the
flux pinning in in situMgB2. Wanget al first reported the improvement of
JC(H) of MgB2 by nano particles of Y2O3 addition. The addition resulted
precipitates of nearly 10 nm size at the grain boundaries andnearly 3-5 nm
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sized precipitates uniformly distributed in the MgB2 grains, which acted
as pinning centers. Followed by this, Chenet al reported improved flux
pinning using submicron sized Dy2O3 as the additive.

Based on these backgrounds, the possibility of RE substitution in MgB2

is explored, and the influences of REO addition on the latticeparameters,
TC andJC are also investigated. Nano Tb4O7 was chosen as the rare earth
oxide and the choice was quite arbitrary.

MgB2 + x wt.% of nano Tb4O7 (wherex = 0, 1, 5 and 10) samples were
prepared byin situ PIST method, using Mg (-325 mesh, 99.8%), amor-
phous B (-325 mesh, 99%) and nano Tb4O7 (< 60 nm, 99.5%) as start-
ing powders and heat treatment at 800◦C for 2 hours. The samples pre-
pared with 0, 1, 5 and 10 wt.% of Tb4O7 are named as MBTB0, MBTB1,
MBTB5 and MBTB10 respectively.

5.1.1 Results: Superconducting properties

Figure 5.1 shows the field dependence of magneticJC [JC(H)] of the sam-
ples at 5 K, deduced from M-H data. At lower fields the estimation of JC

is not accurate due to flux jumps. TheJC(H) is enhanced for all the added
samples compared to the undoped sample for the entire field ofstudy. At
low fields the improvement inJC(H) is higher for samples with lower
amounts of Tb4O7 addition, but at higher fields the sample with higher
amount of Tb4O7 addition show betterJC(H) performance. As shown in
the table 5.1, at 5 K and 6 T theJC of undoped sample is 1.6× 103 A/cm2,
while it is 2.6× 103 A/cm2 for the 10 wt.% Tb4O7 added sample. The
Hirr , determined by the linear extrapolation to zero for the highfield low
JC segments of the Kramer curves is also improved for the added samples,
as shown in table 5.1. At 5 K theHirr value of undoped sample is 7.5 T,
while for the 10 wt.% Tb4O7 added sample it is 8.1 T.

Table 5.1:Superconducting properties of the nano Tb4O7 added samples.

Sample TC JC at 5 K (A/cm2) Hirr at 5 K

(K) 3 T (× 104) 6 T (× 103) (T)

MBTB0 38.6 4.6 1.6 7.5
MBTB1 38.8 6.6 2.4 7.9
MBTB5 38.5 6.9 2.5 7.9
MBTB10 38.6 5.5 2.6 8.1
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Figure 5.1:JC(H) curves of nano Tb4O7 added samples.

The normalized flux pinning force densityFP/FPmax, whereFP = JC(H)
× µ0H) as a function of applied magnetic field is plotted in figure 5.2.
The flux jumps at low fields have marks on the shape of these curves
also. From the figure it is clear that the added samples have enhanced flux
pinning compared to the undoped sample. However the sample MBTB1
showed the maximum ofFP/FPmax at higher fields and the peak position
of FP/FPmax of MBTB10 is at comparatively lower fields. But at higher
fields theFP/FPmax of MBTB10 is higher compared to all other samples.
This discrepancy in the position of maximum ofFP/FPmax may be related
to the grain connectivity problems and consequent reducedJC in low and
medium fields in MBTB10 as seen in theJC(H) plots. The improvement in
JC(H) in higher fields andHirr of the added samples is due to the enhance-
ment in flux pinning caused by the nano particle addition.

Zero field cooled (ZFC) magnetization plots in the temperature range 5
to 50 K, taken at 20 Oe are shown in figure 5.3. The samples show sharp
superconducting transition withTC around 38.6 K and∆TC < 1 K. No
considerable variation ofTC is observed for the added samples, indicating
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Figure 5.2:Normalized flux pinning force density versus applied magnetic field
for nano Tb4O7 added samples.
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Figure 5.3:ZFC M-T plots of nano Tb4O7 added samples, taken at 20 Oe field.

that the RE is not substituted either at Mg or B site. The consistently
TC and small∆TC values show that the samples are of high quality and
identical with respect to stoichiometry, lattice strains and the electronic
states in the superconducting B planes.
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Figure 5.4:Powder XRD patterns of nano Tb4O7 added samples.

5.1.2 Results: Structural properties

Figure 5.4 shows the XRD patterns of MgB2 with different amounts of
Tb4O7 additions, heat treated at 800◦C for 2 hours. MgB2 is the main
phase, with a trace amount of MgO, observed in all the samples. No Tb4O7

is observed even for the 10 wt.% addition. TbB4 and Tb2O3 are found,
in increasing amounts with increasing Tb4O7 additions, in all the added
samples. The peak intensities of MgB2 are reduced in added samples, in-
dicating that the undoped sample has better phase purity andcrystallinity.
The presence of TbB4 and Tb2O3 indicates that some of the added Tb4O7

decomposed and reacted with B at the heat treated temperature. Also for
other RE oxide additions in MgB2, their respective borides (YB4, DyB4,
HoB4 and PrB6 in Y2O3, Dy2O3, Ho2O3 and Pr6O11 additions, respec-
tively) are formed and their amounts are found to increase with the in-
crease of added RE oxides [146–149]. The volume percentage of MgO
in the samples is assessed from the Xray peak intensities andthe values
are 1.5, 1.8, 2.5 and 3.6 % for MBTB0, MBTB1, MBTB5 and MBTB10
respectively.
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Table 5.2:Structural parameters nano Tb4O7 added samples.

Sample a c FWHM (degree) of the peaks Density

(Å) (Å) (002) (110) gcm−3

MBTB0 3.0863 3.5196 0.2843 0.3160 1.32
MBTB1 3.0866 3.5152 0.2986 0.3512 1.41
MBTB5 3.0824 3.5229 0.2784 0.3090 1.47
MBTB10 3.0837 3.5254 0.2647 0.2300 1.46

The a and c lattice parameters, calculated from the XRD data, for a
hexagonal crystal structure, is given in table 5.2. The maximum standard
deviation fora is 0.002 and forc is 0.003. The value ofa decreases slightly
andc increases slightly with the addition. However the very small change
in the lattice parameters may be due to the strain induced by the nano
particles, rather than a substitutional effect or structural change, as sug-
gested by Wanget al [147] for the Y2O3 addition. The FWHM of (002)
and (110) peaks of the samples are shown in table 5.2. The maximum
variations in the FWHM values are± 0.008 degrees. FWHM of both the
peaks decreases significantly with doping, except for the samples MBTB1.
For MBTB1 the FWHM of both the peaks are significantly larger com-
pared to other samples. The sample showed finer and lower sized grains
in the SEM image, which is in agreement with this FWHM values. Lattice
strains, resulted from the nano particle addition also havecontributions to
the significant increase of FWHM of the sample. The geometrical density,
also shown in table 5.2, of the samples improved with Tb4O7 addition.
Undoped sample showed the minimum density with only 50 % of the the-
oretical density of MgB2.

Figure 5.5 shows the secondary electron SEM images of the fractured
surfaces of the samples. All the samples show randomly oriented hexag-
onal MgB2 grains of varying size. The homogeneity of microstructure is
more for undoped sample, and it decreases with increase of Tb4O7 addi-
tion. Undoped sample has grains of average size < 1µm. Sample MBTB1
show much finer grains, and this is in agreement with the FWHM results.
For samples with higher amounts of additions the grain size increases with
increasing Tb4O7, which is also in agreement with the FWHM results.
Some less crystallized (amorphous like) regions are observed in the added
samples, which increased with increasing amounts of Tb4O7.
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Figure 5.5:SEI SEM of nano Tb4O7 added samples.

5.1.3 Discussion of the results

TheJC(H) is enhanced for all the added samples, but differently at low and
high fields. TheJC(H) behavior of the samples can be explained in terms
of grain connectivity and flux pinning, due to the addition. From figures
5.4 and 5.5 (XRD and SEM) it is clear that the undoped sample has better
phase purity, crystallinity and homogeneity in the microstructure. So the
observed enhancement in flux pinning and the superconducting properties
cannot be attributed to any improvement in any of the above quantities.
In MgB2, grain boundaries are strong flux pinners and therefore reduction
of grain size improves flux pinning and hence improves the superconduct-
ing properties [122, 125]. Finer grains are observed for samples MBTB0
and MBTB1 (undoped and 1 wt.% of Tb4O7 added sample). However
the observed enhancement inJC at higher fields is for the samples added
with higher amounts of Tb4O7. These samples have less homogeneous
microstructure and much bigger grain size.

As observed in the XRD patterns the amount of reacted phases such as
TbB4, Tb2O3 and MgO are higher in higher amount of Tb4O7 added sam-
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ples. These phases can be within the MgB2 matrix and at the grain bound-
aries. The increased MgO reducesJC in low magnetic fields, but improves
the JC in higher magnetic fields [183, 184]. The increased amounts of
reacted phases such as TbB4, Tb2O3 and MgO at the grain boundaries re-
duce grain connectivity and low fieldJC, while these secondary phases act
as strong flux pinners at higher fields. This is why the sample MBTB10
showed reducedJC(H) in low fields compared to MBTB1 and MBTB5,
but improvedJC(H) in higher fields among the added samples. Thus in the
nano Tb4O7 added samples the addition induced secondary phases affects
the grain connectivity and flux pinning, and the enhanced fluxpinning is
the reason for the enhancement in theJC(H) andHirr of the added MgB2
samples.

5.1.4 Conclusion of the addition

Nano Tb4O7 addition is found to be effective in improving the flux pinning
properties of MgB2, without affecting theTC of the system. Better high
field JC(H) is observed for 10 wt.% of Tb4O7 added MgB2. The added
nanoparticles and the addition induced normal particles act as strong flux
pinners and this is the reason for the improvement in theJC(H) of the
added samples. Though the nano Tb4O7 addition improved theJC(H),
from a practical point of view the improvement is only moderate. So it has
become necessary to explore other categories of additives.

5.2 Effect of carbon substitution using nano SiC

Since the effect of nano REO on improvingJC(H) was only moderate,
application of other categories of additives became necessary. Considering
the significant improvement ofJC(H) by C based additives nano SiC was
chosen as the next additive. The benefit of nano SiC as an additive is first
reported by Douet al [142] and is confirmed by many groups worldwide.

MgB2 + x wt.% of nano SiC (wherex = 0, 2, 5, 10 and 15) samples were
prepared byin situ PIST method, using Mg (-325 mesh, 99.8%), amor-
phous B (-325 mesh, 99%) and nano SiC (< 100 nm, 97.5%) as starting
powders and heat treatment at 800◦C for 2 hours. The samples prepared
with 0, 2, 5 and 10 wt.% of SiC are named as S 00, S 02, S 05, S 10 andS
15 respectively.
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5.2.1 Results: Superconducting properties

Figure 5.6 shows temperature dependences of zero-field cooled magnetiza-
tion for the undoped and SiC added samples in an external fieldof 100 Oe.
Inset of the figure shows plots near the transition region.TC is defined as
the onset temperature at which the samples exhibit diamagnetic properties
and the measured values ofTC are tabulated in table 5.3. It is observed that
the undoped sample has aTC of 38.5 K, which decreases systematically
with increasing percentage of added SiC and the minimumTC obtained for
heavily added sample is 35.3 K. The width of superconductingtransition,
∆TC of the samples (table 5.3) is found to increase systematically with
increasing addition of SiC. This can be attributed to C substitution which
reduces crystallinity of the B planes.

-12

-10

-8

-6

-4

-2

 0

 5  10  15  20  25  30  35  40  45  50

M
ag

ne
tiz

at
io

n 
(e

m
u/

cm3 )

Temperature (K)

S 00
S 02
S 05
S 10
S 15

-12

-10

-8

-6

-4

-2

 0

 30  32  34  36  38  40

M
ag

ne
tiz

at
io

n 
(e

m
u/

cm
3 )

Temperature (K)

Figure 5.6:ZFC M-T plots of nano SiC added samples, taken at 100 Oe field.

The field dependence forJC, calculated from magnetization using the
Bean model, at 5 K and 15 K are illustrated in figure 5.7. At 5 K,JC

jumps abruptly at low fields where the estimation ofJC may not be accurate
due to the flux jump.JC(H) behavior of all added samples is significantly
enhanced with respect to the pure sample and it is the best forsamples S
10 and S 15 at higher fields. Compared to the undoped sampleJC for 10
wt.% added sample increases by one order at 5 K and > 6 T and at 15K
and 6 T.JC values for the same sample (S 10) are 5.4× 103 A/cm2 at 5 K
and 8 T and 1.8× 103 A/cm2 at 15 K and 6 T. At higher levels of addition
theJC(H) shows a saturating tendency with almost same behaviuor forS
10 and S 15. TheJC enhancement indicates that addition of SiC increases
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the amount of pinning centers with respect to the undoped sample.
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Figure 5.7:JC(H) curves of nano SiC added samples.

112



5. Enhancement of in-field critical current density of MgB2 by selective chemical addition 113

 0

 0.25

 0.5

 0.75

 1

 1.25

 1.5

 0  1  2  3  4  5  6  7  8

F P
 (

G
N

/m
3 )

Field H (T)

S 00
S 02
S 05
S 10
S 15

Figure 5.8:Flux pinning force density versus applied magnetic field at 15 K for
nano SiC added samples.

The value ofHirr , determined from the Kramer’s curves for the samples
is shown in table 5.3. The value ofHirr is higher for the nano SiC added
sample both at 5 K and 15 K. Figure 5.8 plots the field dependence of the
volume pinning force,FP= JC × H, of the samples at 15 K. At higher fields
the nano SiC added samples have significantly higherFP values compared
to the undoped sample.

Table 5.3:Superconducting properties of the nano SiC added samples.

Sample TC ∆TC JC ( × 103 A/cm2) at 5 T Hirr (T) at

(K) (K) 5 K 15 K 5 K 15 K

S 00 38.5 1.1 4.9 0.7 8.0 6.0
S 02 38.1 1.4 15.7 3.2 9.6 7.4
S 05 37.2 2.1 23.5 4.9 10.5 8.1
S 10 36.1 2.3 23.6 5.3 11.2 8.5
S 15 35.3 2.5 23.2 5.4 11.1 8.3

5.2.2 Results: Structural properties

Powder XRD analysis of pure and SiC added MgB2 samples shows that the
undoped sample consists of single phase of MgB2 with a trace of MgO as
shown in figure 5.9. Peaks of two secondary phases Mg2Si and SiC are also
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observed in the added samples. Quantitative phase analysisof the samples
was also done from XRD data and corresponding volume percentage of
MgB2, Mg2Si, SiC and MgO are tabulated in table 5.4. It is found that
increasing the SiC doping level resulted increasing the relative amount of
non superconducting phases such as Mg2Si and SiC in added samples. This
indicates that some of the added SiC dissociated into Si and C, and the Si
reacted with Mg to form Mg2Si while the C is incorporated into the MgB2

lattice. No compounds of C with Mg or B are observed in the XRD.
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Figure 5.9:Powder XRD patterns of nano SiC added samples.

The lattice parametersa andc were calculated and the results are shown
in figure 5.10. The lattice parametera falls sharply for S 02 and S 05 sam-
ples and then shows nearly saturating behavior for S 10 and S 15 but no
systematic change was observed in thec lattice parameter. The systematic
shrinkage ofa axis with increasing SiC doping is caused by carbon sub-
stitution for boron. It is to be noted that the presence of unreacted SiC is
higher for S 10 and S 15 which also implies a nearly saturated behavior of
C substitution in the MgB2 lattice.
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Table 5.4:Volume percentages of different phases observed in nano SiC added
samples.

Volume percentage of (%)

Sample MgB2 MgO Mg2Si SiC

S 00 98.27 1.73 0 0
S 02 91.00 1.37 6.62 0.98
S 05 78.78 1.35 16.79 3.07
S 10 70.92 1.37 22.28 5.43
S 15 64.88 1.31 26.05 7.75
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Figure 5.10:Lattice parameters and FWHM of the nano SiC added samples.

Figure 5.10 also shows the variation of full width at half maximum
(FWHM) of (100), (101), (002) and (110) peaks of all samples. The data
shows a clear and systematic trend with doping. The FWHM of the(00l)
planes has hardly any effect but the FWHM of(hk0)is the most affected. It
can be seen that the values of the FWHM increase gradually up to5 wt.%
of SiC and show a saturating tendency for the heavily added added samples
similar to the variation ofa axis length. Both the observed results ona axis
variation and the FWHM of(hk0)are in accordance with most of the works
reported on the doping studies of SiC or C or other C based additives and
is due to the C substitution at B sites.

In the hexagonal structurep6/mmm, Mg atoms occupy the 1a site (0,0,0)
and the B atoms at the 2d site (1

3
,2
3
,1
2
). The reported works demonstrate

115



116 5. Enhancement of in-field critical current density of MgB2 by selective chemical addition

that C atoms preferentially occupy at the 2d site [69, 185]. This results
in the contraction of inplane lattice, since the covalent radii of C is lower
than that of B and the availability one extra electron. The lattice strains
consequent to the C substitution at B site is responsible forthe increased
FWHM of the SiC added samples. The reduction of grain size as evidenced
from the SEM images can also contribute to the increase of FWHM.

Figure 5.11:SEI SEM of nano SiC added samples.

Figure 5.11 shows the secondary electron SEM images of the fractured
surfaces of the undoped and added samples. The undoped sample shows a
homogeneous microstructure with tiny and well packed hexagonal grains
of average size 1µm wherein the grain boundaries are sharp and clear. As
the level of SiC increases the sharpness of MgB2 grain boundaries loses
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and the grains become finer. The samples added with 10 and 15 wt.%
of SiC show significant difference in microstructure in comparison with
pure sample. The samples show a molten like grains without sharp grain
boundaries. The presence of large quantity of impurity phases in the sys-
tem possibly reduces the reaction temperature leading to the formation of
molten-like grains in heavily added samples. Although the role of SiC for
the formation of these molten-like grains is not fully understood at this
stage, its clarification may give some insight into the importance of SiC in
MgB2.

Figure 5.12:Bright and dark field TEM images and EDS spectrum of 10 wt.% of
nano SiC added sample.

Typical bright and dark field TEM images of S 10 sample are shown in
figure 5.12 and EDS analysis of same sample also given in the image. The
images show nano scale inclusions (10-20 nm) within the MgB2 grains.
These uniformly distributed nano size impurities with sizecomparable to
the coherence length of MgB2 can pin the flux lines within the grains. EDS
analysis of the selected area confirms the presence of Mg, B, C, Si and O.
Analyses of XRD and EDS results suggest that the nano particles within
the grains are Mg2Si and SiC. These provide effective pinning at all the
temperature up toTC.
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5.2.3 Discussion of the results

The addition of nano SiC is found to be very effective in improving the
high-filedJC of MgB2. The enhancement ofJC is so strong that the values
of JC is enhanced by more than one order of magnitude at higher fields and
temperatures. The enhancement ofJC(H) by nano SiC can be explained by
the dual reaction model proposed by Douet al [131].

According to the dual reaction model [131], the nano scale SiC reacts
with Mg at a temperature as low as 600◦C to form Mg2Si, at the same
time releases free atomic scale C as described by the reaction.

SiC + 2Mg = Mg2Si + C

The formation of MgB2 begins to take place at round this temperature
and the highly reactive and free C can be easily incorporatedinto the lattice
of MgB2 via the reaction

Mg + (2-x)B + xC = MgB2−xCx

As a consequence of the dual reaction taking place at around the forma-
tion of MgB2, better C substitution takes place as well as the secondary
phases such as Mg2Si, SiC or C and other Mg-B-Si-C-O precipitates can
be effectively embedded within the grains as nano inclusions. The substi-
tution of C at B site at the time of formation of MgB2 may reduce the grain
growth, resulting finer grains and hence increased grain boundary pinning
centers.

The substitution of C at B site is evidenced by the reduction of TC, de-
crease ofa axis and in the variation of in-plane FWHM values. The reduc-
tion of grain size is observed in the SEM images as well as observed in the
increased FWHM values. The nano scale inclusions are clearlyobserved
in the TEM images also. Substitution of C at B modifies theσ andπ bands
of MgB2 and hence their scattering rates. TheHC2 of MgB2 is strongly
depended onσ andπ band scattering rates (both inter and intra scattering),
and the value ofHC2 in MgB2 enhances significantly upon tuning of the
scattering rates. Thus the improvement ofHC2 and better pinning by the
nano inclusions are the reasons for the observed significantimprovement
in theJC(H) performance of nano SiC added samples. At higher levels of
SiC addition both the C substitution level (as indicated ina and FWHM
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values) and theJC(H) shows some saturation tendency, may be indication
that C substitution has a major role than the nano inclusionson theJC(H).

5.2.4 Conclusion of the addition study

Nano SiC is found to be a suitable additive for improving the high-fieldJC

of PIST MgB2 significantly. Strong enhancement ofJC(H) of the order of
more than one order were observed for SiC added samples at higher fields
and temperatures. The addition of SiC caused considerable Csubstitution
at B site, which is responsible for the strongJC(H) improvements. Addi-
tional pinning centers are provided by the nano scale inclusions of reaction
induced secondary phases.

5.3 Effect of burned rice husk (BRH): An alter-
native for nano SiC

Considering the significant improvement inJC(H) by nano SiC addition,
burned rice husk (BRH) is explored as an alternative low costreplacement
for the costly nano SiC. BRH is a nonconventional raw material of SiC
which contains ultra fine amorphous silica (SiO2) and carbon [186–188].
The ratio of SiO2 to C in BRH can be controlled by controlling the burning
temperature of rice husk. The presence of amorphous SiO2 in a matrix
of friable carbon, easy availability and low cost make BRH a promising
dopant for MgB2.

The BRH used for addition was prepared by heating the raw ricehusk
in air at 300◦C for 1 h. Figure 5.13 shows the EDS spectrum of the BRH
powder, which shows C (∼ 65 at.%), Si (∼ 25 at.%) and O (∼ 10 at.%)
elements in the sample. Inset of the figure shows the powder XRD spec-
trum of the BRH powder which shows only a broadened peak of SiO2,
indicating its amorphous nature.

MgB2 + x wt.% BRH (wherex = 0, 5, 10 and 15) samples were prepared
by in situ PIST method, using Mg (-325 mesh, 99.8%), amorphous B (-
325 mesh, 99%) and BRH as starting powders and heat treatmentat 800
◦C for 2 hours. The samples prepared with 0, 5, 10 and 15 wt.% of BRH
are named as BRH 00, BRH 05, BRH 10 and BRH 15 respectively.
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Figure 5.13:EDS spectrum of the BRH powder used for the addition. Inset shows
the XRD pattern of the same.

5.3.1 Results: Superconducting properties

The field dependence ofJC calculated from magnetization loops at 5 K
is illustrated in figure 5.14.JC jumps abruptly at low fields (∼ 1 T) due
to the flux jump. The BRH added MgB2 samples show enhancedJC vales
at higher applied fields, compared to the pure MgB2. Of all the added
samples the 5 wt.% BRH added sample gives the best performance and the
level of JC enhancement in high magnetic fields is very similar to that of
theJC increase exhibited by nano SiC addition. For the undoped sampleJC

drops rapidly in the presence of magnetic field but for BRH added samples
JC values at higher fields increase by more than an order of magnitude. For
example theJC for 5 wt.% added sample increases by a factor of 40 at 5 K
and 8 T as compared to the undoped sample. For the 15 wt.% BRH added
sampleJC(H) is higher only for fields above 6 T, and below 6 T the sample
showed lowJC values compared to the sample BRH 00. This is due to the
higher amount of impurities and cosequent reduced grain connectivity of
the sample, as explained later in the coming sections of thischapter.

ZFC magnetization measurements for the samples in an external field of
20 Oe is shown if figure 5.15 and the measured values ofTC are tabulated
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Figure 5.14:JC(H) curves of BRH added samples.

in table 5.5. It is observed that the undoped sample has aTC of 38.51 K±
0.01 K, which decreases systematically with increase in dopant level and
the minimumTC obtained for heavily added (15 wt.%) sample is 35.88
K. This is due to C substitution at boron sites which is consistent with the
observed results on variation ofa parameter. The superconducting transi-
tion width for a 10% to 90% drop (∆TC ) is found to be increasing with
increasing BRH addition (table 5.5).

Table 5.5:Superconducting properties of BRH added samples.

Sample TC ∆TC JC at 5 K (A/cm2) Hirr at 5 K

(K) (K) 3 T (× 104) 6 T (× 103) (T)

BRH 00 38.51 0.45 7.9 3.2 7.9
BRH 05 37.71 0.52 9.2 15.3 10.3
BRH 10 36.54 1.71 5.1 9.5 10.2
BRH 15 35.88 3.64 1.5 3.3 11.0
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Figure 5.15: M-T plots of BRH added samples.

5.3.2 Results: Structural properties

Figure 5.16 shows the XRD patterns of MgB2 samples with different lev-
els of BRH addition. The undoped sample consists of mainly MgB2 phase
with a trace of MgO whereas peaks of secondary phases such as Mg2Si,
Mg2C3 and MgO are observed in the added samples. Quantitative phase
analysis of the samples was done from XRD data and corresponding vol-
ume percentage of MgB2, Mg2Si, Mg2C3 and MgO are tabulated in table
5.6. On increasing the BRH doping level, the relative amounts of non su-
perconducting phases such as Mg2Si, Mg2C3 and MgO are found to be
increasing. One aspect here to notice is the significant increase of MgO
phase as a result of the BRH addition. This is due to the additional oxygen
available in the BRH to react with Mg. X-ray analysis of BRH shows a
broadened peak of amorphous silica (figure 5.13 inset). Fromthe above
results, it is clear that in the added samples SiO2 and C contained in BRH
reacted with Mg to form Mg2Si and Mg2C3 respectively and the remaining
oxygen reacted with Mg to form MgO.
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Figure 5.16:Powder XRD patterns of BRH added samples.

Table 5.6:Volume percentages of different phases observed in BRH added sam-
ples.

Volume percentage of (%)

Sample MgB2 MgO Mg2Si Mg2C3

BRH 00 96.0 4.0 0 0
BRH 05 92.5 5.5 2.4 0.6
BRH 10 88.5 6.0 4.7 3.8
BRH 15 80.2 7.8 9.6 2.4

The lattice parametersa andc of the hexagonal MgB2 have been calcu-
lated and their variations with respect to BRH doping level are shown in
figure 5.17. There is a systematic decrease ofa axis with increase in the
dopant level. Value ofc axis remains almost unchanged by the BRH addi-
tion. The systematic shrinkage ofa with increasing BRH doping is caused
by carbon substitution for boron and is explained in the preceding sections.
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Figure 5.17:Lattice parameters and FWHM of BRH added samples.

Figure 5.17 also shows the full width at half maximum (FWHM) of
(100), (101), (002) and (110) peaks of the samples. It is seenthat the
values of the FWHM sharply vary from pure to added samples except for
(002) peak. Because (100) and (110) planes reflect the natureof in-plane
honeycomb boron lattice, the broadening of these peaks suggests the oc-
currence of some distortion in the lattice due to C substitution at B sites.
This result is consistent with the earlier reports in which the FWHM of
these peaks has a positive correlation with the irreversible field (Hirr) of
MgB2, ie Hirr increases with increasing FWHM [125, 189].

The microstructure of the samples was significantly affected by the BRH
addition. Figure 5.18 shows the SEI SEM images of the fractured surfaces
of the samples. The sample BRH 00 shows hexagonal faceted grains of
average size about 1µm, typical of MgB2 grains. The sample BRH 05
also shows a similar microstructure with faceted grains. The samples BRH
10 and BRH 15 shows some distinct change in microstructure. These sam-
ples have a considerable area of impurity like regions and less connected
grains. Figure figure 5.19 shows a high resolution TEM image and the
corresponding EDS of 5 wt.% BRH added sample. In the TEM image,
uniformly distributed nanoinclusions (10-20 nm) are clearly visible within
the grain. EDX analysis revealed that the grain contains Mg,B, C, Si and
O in accordance with the Mg2Si, Mg2C3 and MgO phases observed in the
XRD results. the Cu lines observed in the EDS is from the sample grid.
These intragrain nanosized inclusions and the crystal defects created by C
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Figure 5.18:SEI SEM of BRH added samples.

substitution serve as strong pinning centers to improve fluxpinning.

Figure 5.19:EDS and TEM image of BRH 05 (5 wt.% of BRH added) sample.
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5.3.3 Discussion of the results

The results (Lattice parameters, FWHM andTC) show considerable amount
carbon substitution at the boron site, as expected. Significant enhancement
of JC(H) is observed, especially at higher applied fields, for the BRH added
samples. The enhancement due to BRH addition is comparable to that ob-
served for nano SiC added samples. The enhancement ofJC(H) in the BRH
added samples can be understood as a result of the carbon substitution and
due to the flux pinning at nano scale intra-grain inclusions). The higher
wt.% BRH added samples contain a lot of impurity phases and this is the
reason for their lowJC(H) performance.

5.3.4 Conclusion of the addition

Burned rice husk, containing fine amorphous silica and carbon is explored
as an additive for effective carbon substitution for enhancing theJC(H) of
MgB2. The BRH addition resulted in significant C substitution as expected
and consequently improved the high filedJC of MgB2 significantly. The
observed enhancement ofJC(H) due to the BRH addition is found to be
comparable to that of nano SiC addition. Hence BRH is found tobe an
effective and cheap additive for enhancing theJC(H) of MgB2 supercon-
ductor.

5.4 Effect of combined addition of nano TiC
with nano SiC

According to Douet al [130–132] the additives in MgB2 can be categorized
into four groups. The first group includes additives like nano SiC and
carbohydrates which can have both reaction with Mg/B and C substitution.
The second group includes materials such as nano C, CNT , and B4C which
can have C substitution without any reaction. The third group includes
materials such as Si, Zr, Ti, RE oxides and silicides which can react with
Mg/B without any C substitution, and the fourth group includes materials
such as BN, MgO, which do not have any reaction with Mg/B nor any
C substitution. From the first group to fourth group the enhancement of
JC(H) decreases gradually.

Both SiC and TiC are highly thermally stable compounds. When added
into the Mg + B system, SiC easily reacts with Mg and releases free C at
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a temperature as low as 600-6500C, which subsequently substitutes for B
in MgB2 [131, 132, 190]. But TiC has no reaction with Mg/B for temper-
atures≤8500C and the C substitution is comparably small [190]. Even at
higher temperatures in Mg + B system it reacts with B to form TiB2, rather
than with Mg as in the case of SiC. Moreover Ti is found to be a grain
refiner in MgB2 [137, 191, 192]. Thus in MgB2 both these carbides work
differently, have different reactivity with Mg/B and have different extent of
C substitution. Hence it is interesting not only to compare the doping effect
of SiC and TiC separately but also to find their combined effect in MgB2.
It is found that theJC(H) behaviour is highly enhanced for the codoped
samples compared to the undoped as well as the mono added samples. The
crystalline and microstructural features of the materialswere investigated
to correlate with theJC(H) performance.

Table 5.7:Sample details : nano SiC and nano TiC addition.

Sample wt.% of nano particles added

Name nano SiC nano TiC

MBST 00 0 0
MBST 50 5 0
MBST 05 0 5
MBST 2.5 2.5 2.5
MBST 55 5 5

The undoped, monodoped and codoped samples were prepared byin
situ powder-in-sealed-tube (PIST) method, using Mg (-325 mesh,99.8%),
amorphous B (-325 mesh, 99%), nano TiC (< 80 nm, 98%) and nano SiC
(< 100 nm, 97.5%) as starting powders. The samples were heat treated at
850◦C for 2 hours and details of the samples prepared and sample names
are listed in table 5.7.

5.4.1 Results: Crystalline properties

Figure 5.20 shows the powder XRD patterns of the samples. MgB2 is the
main phase, with a trace amount of MgO, observed in all the samples.
Boron rich phases such as MgB4, MgB7 are not observed in any of the
samples. Samples added with SiC showed considerable amountof Mg2Si
and minor quantities of unreacted SiC. For the TiC doping no reacted phase
is observed and the TiC as such is observed as unreacted. The formation of
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Figure 5.20:Powder XRD patterns of the nano SiC and nano TiC added samples.

Mg2Si in SiC added samples indicates the dissociation of the SiCand the
reaction of Si with Mg at the synthesis temperature. In fact this decompo-
sition of SiC and the formation of Mg2Si phase are reported in almost all
the SiC doping studies. SiC starts to react with Mg at a temperature as low
as 600◦C [131–133, 190]. Besides the SiC doping, the Mg2Si is found
to form for most of the Si based additives, such as Si, silicides, silicon oil
etc on MgB2 [193–195]. As stated early, we observed no decomposition
of TiC and associated reaction of TiC with Mg/B at our synthesis temper-
ature (850◦C/2h). The detailed study of reactivity of various submicron
sized carbides on MgB2 bulks by A.Yamamotoet al [190, 196] shows that
TiC does not react with Mg/B upto 850◦C, but C substitution at B site and
formation of small amount of TiB2 phase are found at 950◦C.

The volume percentage of different phases formed in the samples is as-
sessed from the integrated Xray peak intensities and is tabulated in table
5.8. The undoped sample has the best phase purity and the highest MgB2

volume fraction (98.3 %). The addition of SiC causes more secondary
phases, thus reduces the MgB2 fraction, than the TiC addition. Minor frac-
tions of MgO are observed in all the samples which are almost same in all
cases. The MgO formation may be due to the entrapped air before the end
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Table 5.8:Structural properties of the samples: Phase analysis.

Sample Vol.% of different phases (%) Relative intensity Density

MgB2 MgO Mg2Si SiC TiC Σ(hk0)
Σ(hkl)

Σ(00l)
Σ(hkl)

(g/cm3)

MBST 00 98.3 1.7 0 0 0 0.306 0.078 1.39
MBST 50 79.0 1.9 18.3 0.8 0 0.251 0.095 1.46
MBST 05 96.6 1.8 0 0 1.6 0.274 0.076 1.41
MBST 2.5 90.2 1.7 6.6 0 1.5 0.254 0.086 1.55
MBST 55 72.1 1.8 21.6 0.9 3.5 0.247 0.095 1.50

sealing of the tubes. The ratio of total intensity of(hk0)planes and(00l)
planes to the total intensity of all the peaks (defined as the relative intensity
of (hk0)and(00l) planes) for the samples is shown in table 5.8. The relative
intensity of(hk0)planes is slightly reduced and that of(00l) planes slightly
increased as a result of doping. In the monodoped samples SiCcause more
changes in the relative intensity values, than the TiC. The geometrical den-
sity, determined by measuring the mass and dimensions of thesamples, is
also given in table 5.8. The undoped sample has the lowest density of 1.39
g/cm3, nearly 50% of the theoretical density of MgB2. Among the samples
the codoped sample MBST 2.5 show the highest density of 1.55 g/cm3.

The crystalline properties of the samples such as lattice parameters, unit
cell volume and lattice strains are evaluated using the powder XRD data
and are tabulated in table 5.9. The doping - both mono and codoping
changed the crystalline features of MgB2 significantly. The lattice param-
etersa andc show systematic variations with the nature and amount of the
additives. The changes in lattice parameters with respect to the undoped
sample (∆a and∆c) are more for SiC doping than the TiC doping. The
lattice parametera decreases significantly with the SiC doping, while it
slightly increases with TiC doping, compared to the undopedone. Among
the samples, the mono SiC added sample show the lowest value for a axis.
For the codoped samples, since SiC has a large impact ona, thea decreased
and its decrease is more in MBST 55 than in MBST 2.5. For thec axis both
the SiC and TiC caused slight increase compared to the undoped one. Here
also as in the case ofa axis, the variation is more in the SiC doping.

The unit cell volume slightly increases with TiC and slightly decreases
with SiC doping. The ratioc

a
, can be used as a measure of lattice distortion,

which doesn’t show any variation with the TiC doping, but increases with
SiC doping.
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Table 5.9:Structural properties of the samples: Lattice parameters.

Sample Lattice parameters and cell volume Carbon content*

a (Å) c (Å) (c/a) V (Å3) (x in MgB2−xCx)

MBST 00 3.084 3.518 1.141 28.976 -
MBST 50 3.073 3.524 1.147 28.976 .030
MBST 05 3.086 3.521 1.141 29.039 -
MBST 2.5 3.083 3.524 1.147 28.982 .005
MBST 55 3.080 3.527 1.147 28.976 .010

* The C content in the added samples is estimated based on the reports of RHT Wilkeet al
[197] and Takenobuet al [198], and the averaged data is given.

The Full Width at Half Maximum (FWHM) of selected peaks of the
samples are shown in figure 5.21. The data shows a clear and systematic
trend with doping. The FWHM of the(00l) planes has hardly any effect by
both the additives, either for mono or codoping. But the FWHM of (hk0)
and (hkl) planes are affected by the doping:(hk0) is the most affected
plane. As in the case of lattice parameters, here also SiC is mainly respon-
sible for the changes in FWHM values. The FWHM of(hk0)significantly
increases with SiC doping, which is in accordance with most of the works
reported on the doping studies of SiC or C or other C based additives and
is due to the C substitution at B sites.

In the hexagonal structurep6/mmm, Mg atoms occupy the 1a site (0,0,0)
and the B atoms at the 2d site (1

3
,2
3
,1
2
). The reported works demonstrate

that C atoms preferentially occupy at the 2d site [69, 185]. This results in
the contraction of inplane lattice, since the covalent radii of C is lower than
that of B and the availability one extra electron. The lattice strains conse-
quent to the C substitution at B site is also responsible for the increased
FWHM of the SiC added samples. In the case of TiC the observed behav-
ior doesn’t correlate with the C substitution results. The next possibility is
of Ti substitution. But it is known that Ti doesn’t occupy theatomic posi-
tions (site) in the MgB2 crystal structure [191, 192]. Even for the Ti added
samples Ti either remained as unreacted or reacted with B to form TiB2

or TiB4 [191, 192]. So the possibility of Ti going into the lattice structure
in our case is remote. Hence, the observed slight variationsin the lattice
parameters as well as FWHM of TiC added samples may be from the lat-
tice distortions caused by the inclusions of nanoparticlesof TiC within the
MgB2 grains, rather than a substitution.
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Figure 5.21:FWHM values of selected peaks of the nano SiC and nano TiC added
samples.

All the structural features of the samples evaluated above,including
phase analysis, relative intensity, lattice parameters and FWHM analysis
strongly suggest that the added SiC caused a considerable C substitution
at the B site. The SiC caused Mg2Si formation also. Meanwhile the TiC
remained as unreacted and doesn’t cause any substitution inthe MgB2 sys-
tem. Based on the literature reports of variation ofa axis with C substi-
tution level (x in MgB2−xCx) we have estimated the C substitution level
in our samples and is listed in table 5.9. The literature datawe have used
were on polycrystalline samples taken from R. H. T. Wilkeet al [197] and
Takenobuet al [198]. The average values of estimated carbon contents are
x around 0.03, 0.005 and 0.01 for the MBST 50, MBST 2.5 and MBST 55
samples respectively.

5.4.2 Results: Microstructural properties

The microstructural properties of the samples were investigated using SEM,
TEM and EDS analysis. Figure 5.22 shows the SEM images of the frac-
tured surfaces of the samples which show a distinct microstructural change
as a result of the doping. The undoped sample shows randomly oriented
hexagonal MgB2 grains with average size of 1-2µm. The undoped sam-
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Figure 5.22:SEM images of fractured surfaces of the nano SiC and nano TiC
added samples.

ple has grains with considerably sharp grain boundaries, while most of
the added samples do not have this feature. The mono SiC addedsample
(MBST 50) shows a microstructure slightly different from that of undoped
sample. The TiC added sample (MBST 05) shows a microstructure sim-
ilar to that of the undoped sample. The codoped samples show asimilar
microstructure, distinctly different from that of the above samples. These
samples show compacted, more homogeneous microstructure with less de-
fined grain boundaries. This densified microstructure of thecodoped sam-
ple is in agreement with the higher calculated geometrical density for these
samples.
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Figure 5.23:TEM images and EDS pattern of selected samples.

Figure 5.23 shows the TEM images of the samples MBST 00, MBST 50
and MBST 05 under identical magnification and the EDS patternof MBST
55. The images of single grains show microstructural changes due to dop-
ing. The image of undoped grain is found to be free of any inclusions.
Both the SiC and TiC added samples clearly show nano sized intragrain
inclusions. The inclusions of TiC doping are more homogeneous than in
SiC doping in which some clustering and agglomeration are observed. In
both cases, the average size of the inclusions is around 10 nm. This value
is quite comparable with the coherence length of MgB2, and hence these
inclusions can act as strong flux pinning centers. The last picture in the
figure shows the frame (area) EDS spectrum of the grain in MBST55 as a
typical example. This picture shows the presence of elements Si, Ti, C and
O besides Mg and B.
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5.4.3 Results: Superconducting properties

Figure 5.24 shows the ZFC magnetization curves for the samples, taken at
100 Oe. The inset of the figure shows the region close to the superconduct-
ing transition. The undoped sample shows a superconductingtransition at
38.44 K.TC of the added samples is reduced and the reduction is more for
MBST 55. The values ofTC and∆TC (defined as the difference of the
temperatures corresponding to the 90% and 10% of the maximumshield-
ing signal) are given in table 5.10. For the monodoping SiC reduces theTC

more than the TiC does. This is expected due to the C substitution at B site.
In MgB2 the B plane is responsible for the superconductivity. The substi-
tution of C at B site reduces the hole concentration and causes changes
in phonon modes. The reduced density of states and weakened electron
phonon coupling are the reasons forTC reduction in the SiC added sam-
ple. The TiC mono added sample also shows slightly reducedTC (37.85
K). Since no C substitution takes place here theTC reduction may be due
to the lattice strains caused by the nanometer sized TiC inclusions in the
MgB2, as lattice strains can also cause slightTC reduction in MgB2 [199].
TheTC of codoped samples are lower to that of mono added samples and
theTC is minimum for MBST 55 (37.09 K), the heaviest codoped sample.
This is due to the combined effect of both SiC and TiC additives: ie C sub-
stitution and lattice strains. The width of transition,∆TC is minimum for
the undoped sample. The value of∆TC is higher for MBST 50 and com-
paratively low for MBST 05. In the codoped sample∆TC is highest for
MBST 55. The∆TC depends on the sample homogenity, crystallinity etc.
The higher∆TC of MBST 50 is again the result of C substitution, which
reduces the inplane (B plane) crystallinity.

Table 5.10:Superconducting properties of the samples - I.

Sample TC (K) ∆TC (K) JC (×103 A/cm2) at
5 K, 8 T 15 K, 7 T

MBST 00 38.44 1.08 0.17 <0.01
MBST 50 37.43 1.85 3.77 0.52
MBST 05 37.85 1.44 1.32 0.25
MBST 2.5 37.22 1.47 4.90 0.80
MBST 55 37.09 1.73 4.20 0.68

The magnetic field dependence of critical current density ofthe samples
(JC(H)) at 5 K and 15 K are deduced from the isothermal magnetic hysteris
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Figure 5.24:ZFC curves of the nano SiC and nano TiC added samples, taken at
100 Oe.

(M-H) measurements. Thermomagnetic flux jumps are observedbelow 1
T for all samples at 5 K and 15 K. The flux jump is more at 5 K. The
variation ofJC of the samples with field is plotted in figure 5.25. At lower
fields the estimation ofJC(H) may not be accurate due to flux jumps. The
JC(H) is significantly enhanced for all the added samples both at 5K and
15 K compared to the undoped sample, for the entire field of study. For the
monodoped samples SiC doping shows much improvement in highfield
JC, compared with the TiC doping. However the codoped sample shows
the bestJC(H) performance at higher fields both at 5 K and 15 K. The
codoped sample MBST 2.5 shows highly enhancedJC values for the entire
field of study, both at 5 K and 15 K. The another codoped sample MBST
55 also shows enhancedJC values for the entire fields, but at low fields
(below 3-4 T) itsJC(H) is comparable or slightly lower to that of MBST
50. Besides the drastic enhancement ofJC(H) at high fields for most of the
added samples, either monodoped or codoped, the low fieldJC [ JC(H), H
→ 0 ] is better compared to that of undoped sample. This is very important,
since for most of the reported works on the enhancement of high field JC

of MgB2 exhibit poor low fieldJC(H) performance. The better low fieldJC

of the added samples indicates that the grain connectivity is not disturbed
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by the doping.
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Figure 5.25:JC(H) curves of the nano SiC and nano TiC added samples.
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The value of critical current density of the samples at selected fields and
temperatures is tabulated in the table 5.10. At 5 K and 4 T theJC values
are 1.44×104 A/cm2, 4.34×104 A/cm2, 2.72×104 A/cm2, 5.67×104

A/cm2 and 4.29×104 A/cm2 for MBST 00, MBST 50, MBST 05, MBST
2.5 and MBST 55. At 5 K and 8 T theJC values are 0.17×103 A/cm2

for the undoped sample, 3.77×103 A/cm2, enhanced by a factor of 22 for
SiC monodoped sample and 4.90×103 A/cm2, enhanced by a factor of 29
for MBST 2.5, the codoped sample. At 15 K and 7 T the added samples
MBST 50, MBST 05, MBST 2.5 and MBST 55 haveJC values enhanced
by a factor of nearly 60, 30, 100 and 76 times, compared to the undoped
sample. Thus for the best codoped sample a significant enhancement of
JC by two orders of magnitude is achieved, at higher temperatures and
higher fields (15 K,> 7 T). In general, the sample (MBST 2.5) hasJC(H)
enhanced by 1.5-2.0 times, compared the mono SiC doping (MBST 50)
and by 2.0-4.0 times, compared the mono TiC doping (MBST 05).The
values of the irreversibility fieldHirr of the samples at 5 and 15 K are
determined by the linear extrapolation to zero for the high field low JC

segments of the Kramer curves and is tabulated in table 5.10.The values
of Hirr once again reflects the strong enhancement of the superconducting
properties as a result of doping. As in the case ofJC(H) the improvement
of Hirr is higher for codoped samples, both at 5 K and 15 K.
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Figure 5.26:Field dependence of flux pinning force density of the nano SiC and
nano TiC added samples.

Figure 5.26 shows the bulk flux pinning force density of the samples
as a function of the applied field. The flux pinning force density of the
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added samples are significantly enhanced and the enhancement is more
in the codoped sample. Since the flux jumps shows significant marks on
the shape of the curves at 15 K, the curves are plotted after refining the
JC(H) data between 1 and 2 T. The curves show significantly improved
flux pinning force density in the added samples, both at 5 and 15 K. Max-
imum value ofFP (FPmax) is 3.48 GN/m3 and 2.35 GN/m3 for the best
sample (MBST 2.5) at 5 and 15 K, while these values are 1.97 GN/m3 and
1.47 GN/m3 for the undoped sample. Also the field at whichFPmaxoccurs
(Hpeak) is shifted to higher fields in the added samples. The values of FPmax

andHpeak for the samples are tabulated in table 5.11. These results clearly
show the considerable improvement in the flux pinning of the system as a
result of doping.

Table 5.11:Superconducting properties of the samples - II.

Sample Hirr (T) at FPmax (GN/m3) at Hpeak (T) at

5 K 15 K 5 K 15 K 5 K 15 K

MBST 00 8.8 6.3 1.97 1.47 1.92 1.14
MBST 50 10.9 8.4 2.81 1.69 2.00 1.26
MBST 05 10.1 7.2 2.05 1.53 2.07 1.25
MBST 2.5 10.9 8.7 3.48 2.35 2.27 1.41
MBST 55 11.1 8.7 2.54 1.57 2.10 1.22

5.4.4 Discussion of the results

The main result of the present work is the significant enhancement in the
JC(H) performance of MgB2 superconductor as a result of codoping of
nano TiC with nano SiC for the entire range of field studied. Among the
additives the nano SiC resulted in considerable C substitution at the B site
and formation of reacted secondary phase Mg2Si in the matrix. In the
case of nano TiC doping the TiC remained unreacted as such andcaused
no substitutions. Considering the phase purity and crystallinity, the un-
doped sample is found to be the best. Also it has the highestTC among the
samples. But it has the lowest flux pinning force and the lowest JC(H) per-
formance. Thus the observed enhancement of flux pinning and in-field JC

of the added samples cannot be due to any improvements in phase purity
or crystallinity.

The JC(H) of MgB2 is controlled by both intragranular and intergran-
ular properties. The main intragranular (or intrinsic) factors affecting the
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JC(H) of MgB2 are upper critical field (HC2), flux pinning strength, and
to some extend the anisotropy of superconductivity. Grain connectivity,
which controls the efficiency of superconducting current totransport from
grain to grain is the main intergrain (extrinsic) factor. Among these vari-
ous factors, the enhancement ofHC2 and improvement of flux pinning by
homogeneously distributed pinning centers are most important. TheHC2

of MgB2 is strongly depended onσ andπ band scattering rates (both inter
and intra scattering), and the value ofHC2 in MgB2 enhances significantly
upon tuning of the scattering rates [200, 201]. For the improvement of flux
pinning homogeneously distributed normal particles of suitable size must
be introduced in MgB2.

The bulk polycrystalline MgB2 samples prepared without any externally
introduced (pristine sample) pinning centers will be moderately pinned by
the grain boundaries. In general, the introduction of additives in MgB2 can
have the following effects.
(1) increase theHC2 andHirr by lattice substitutions (which alter the band
scattering rates).
(2) increase the density and strength of flux pinning centersby homoge-
neous inclusions (either reacted or unreacted impurities).
The enhancement ofJC(H) in MgB2 by SiC doping is explained by the
dual reaction model [131, 132]. Based on this model the C substitution at
B site results strongHC2 enhancement due to band scattering modifications
(effect 1 described above) and causes the improvement inJC(H). Further
improvement is provided by the flux pinning of unreacted nanoscale SiC
and the reacted secondary phase Mg2Si, as described in effect 2. There
can be unreacted B left as a result of the C substitution and consumption of
Mg for the formation of Mg2Si. So far no serious attention is given to this
issue in SiC added case. If the unreacted B causes some non stoichiometry,
it will also causeHC2 enhancement as described elsewhere [94]. Detailed
analysis on SiC added MgB2 samples shows evidences for the formation
of secondary phases containing Mg, Si, B, O, C elements. The presence
of amorphous BOx phases is also considered [202, 203]. These phases
are considered to act as additional flux pinning centers. However these
phases can limit the superconducting volume fraction and can reduce the
grain connectivity if located at the grain boundaries rather residing inside
the grains.

In the TiC added samples no substitution is observed. So the effect 1
will be negligible in the sample, and this may be the reason for relatively
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small improvement ofJC(H) in MBST 05 compared with MBST 50. The
unreacted residual TiC in nanoscale can act as strong flux pinning centers,
as described in effect 2. The TEM image of MBST 05 shows fine homoge-
neously distributed nanometer sized inclusions, also favors this argument.
Thus for the enhancement ofJC(H) the major contribution in SiC is effect
1 and in TiC is effect 2. On the other hand, for effect 1 SiC is a better
dopant and effect 2 TiC is better. Here the nano SiC acted as a group-I
dopant, ie as C source and reactive dopant and TiC acted as a group-IV
dopant, ie nonreactive and non C source. In the codoped samples both the
effects of SiC and TiC may be active, and this is the reason forits better
performance compared with the undoped and monodoped samples. Be-
sides the improvement ofHC2 and flux pinning, grain connectivity may
also be better for the added samples. The codoped samples have denser
and compacted microstructure compared with the undoped sample. The
low field JC of the samples is not deteriorated by doping, and the codoped
samples have highJC(H) values in spite of large amounts of garbages.

5.4.5 Conclusion of the addition study

The effects of two carbides - SiC and TiC in nano particle form, on the
structural and superconducting properties of MgB2 are studied. The be-
haviour of these additives in the Mg + B system is compared andthe codop-
ing of these two materials in the system is also explored withrespect to the
crystalline, microstructural and superconducting properties. It is found that
both these additives have different reactivity and hence different crystalline
and microstructural influences on MgB2. The superconducting properties
of added MgB2 also differ for the two additives. SiC caused considerable
amount of C substitution at B site and formed nano size intragrain inclu-
sions of Mg2Si. While TiC remains unreacted and does not induce any
substitution. Considering theJC(H) performance, for monodoping SiC is
better than TiC. But codoping of TiC with SiC is found to be much more
effective for the enhancement ofJC(H) of MgB2 than the mono doping of
any one of these additives. Thus it may be fruitful to explorethe effects
of codoping of impurities of differing nature to the MgB2 system to get far
betterJC(H) performance achieved so far by any one type of additives.

140



5. Enhancement of in-field critical current density of MgB2 by selective chemical addition 141

5.5 Effect of substituting type (carbon based:
BRH) and reacting type (REO: nano Ho2O3)
additives

From the above study, codoping of materials with different chemical and
physical nature is found to be very effective for enhancing the high-field
JC of MgB2. Here codoping of burned rice husk (BRH) together with
a REO on theJC(H) of MgB2 is studied. The preliminary investigation
showed that addition of BRH can cause significant C substitution at B site
at around 850◦C. Nano Ho2O3 is chosen as the REO for codoping with
BRH, since it causes the formation of HoB4, which is magnetic in nature.

The undoped, monodoped and codoped samples were prepared byin
situ powder-in-sealed-tube (PIST) method, using Mg (-325 mesh,99.8%),
amorphous B (-325 mesh, 99%), nano Ho2O3 (< 60 nm, 99.5%) and
burned rice husk as starting powders. All the samples were heat treated
in air at 850◦C for 2 hours. The wt % of additives added and sample
names are given in table 5.12.

Table 5.12:Sample details : BRH and nano Ho2O3 addition.
Sample Name wt.% of nano particles added

BRH nano Ho2O3

S 00 0 0
S 50 5 0
S 05 0 5
S 52 5 2.5
S 55 5 5

5.5.1 Results: Superconducting properties

Figure 5.27 shows the field dependence of magneticJC [JC(H)] of the sam-
ples at 5 K, deduced from M-H data. TheJC(H) is enhanced for all the
added samples compared to the undoped one. The improvement in JC(H)
in Ho2O3 alone added sample is only moderate compared to the undoped
sample. But the BRH doping shows strong improvement in high field JC,
compared to the Ho2O3 doping. The level ofJC enhancement by BRH
addition in high magnetic fields is very similar to that exhibited by nano
SiC, nano C and/or other carbon based additives. The codopedsamples S
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Figure 5.27:JC(H) curves of BRH and nano Ho2O3 added samples.

52 and S 55 show still higherJC(H) values than the BRH added sample of
which S 52 showed the bestJC(H) performance through out the entire field
of study.

As shown in the table 5.13, at 4 T the value ofJC is 2.7× 104 Acm−2,
5.3× 104 Acm−2, 3.4× 104 Acm−2, 8.4× 104 Acm−2 and 6.8× 104

Acm−2 for the samples S 00, S 50, S 05, S 52 and S 55 respectively.
At 8 T, samples S 50, S 05, S 52 and S 55 haveJC values enhanced by
a factor of 40.8, 2.6, 74.5 and 62.8, compared to the undoped sample.
The values of the irreversibility fieldHirr of the samples are determined
by the linear extrapolation to zero for the high field lowJC segments of the
Kramer curves and is tabulated in table 5.13. As in the case ofJC(H) the
improvement ofHirr is highest for codoped samples. Figure 5.28 shows the
bulk flux pinning force density of the samples as a function ofthe applied
field. At higher fields, the flux pinning force density of the added samples
is significantly enhanced and the enhancement is highest in the codoped
sample. At 5 K and 4 T the value ofFP are 1.1, 2.1, 1.4, 3.4 and 2.7
GN/m3 for S 00, S 50, S 05, S 52 and S 55, and the values are tabulated in
table 5.13.
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Figure 5.28:Field dependence of flux pinning force density for BRH and nano
Ho2O3 added samples.

Table 5.13:Superconducting properties of the samples.JC, H irr andFP values are
at 5 K

TC ∆TC JC (A/cm2) at Hirr FP at 4 T

sample (K) (K) 4 T (×104) 7 T (×103) (T) (GN/m3)

S 00 38.5 0.4 2.7 0.9 8.4 1.1
S 50 38.0 0.9 5.3 7.7 10.2 2.1
S 05 38.4 0.5 3.4 1.3 8.65 1.4
S 52 37.6 1.2 8.4 13.8 11.2 3.4
S 55 37.5 1.1 6.8 11.4 11.1 2.7

ZFC magnetization curves for the samples, taken at 20 Oe are shown
in figure 5.29. The undoped sample shows a superconducting transition
at 38.5 K, with a∆TC of 0.4 K. For the Ho2O3 addition theTC and∆TC

are almost same as those of the undoped sample, indicating that the Ho
ion is not substituted into the Mg/B sites. Generally most ofthe RE ions
(especially Ho) do not substitute at the Mg/B site, due to their large ionic
radii compared to Mg and/or B. TheTC of the BRH added sample (S 50) is
reduced by 0.5 K. This reduction is due to the C substitution,however the
observed reduction is smaller compared to other C based doping studies
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Figure 5.29:ZFC M-T plots of BRH and nano Ho2O3 added samples, taken at 20
Oe field.
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Figure 5.30:Section of M-H plots of BRH and nano Ho2O3 added samples.

[69]. In the codoped samples the value ofTC is further reduced, may be
due to the presence of higher amounts of non-superconducting secondary
phases.

The value of∆TC is higher for BRH addition and comparatively low
for Ho2O3 addition. In the codoped samples∆TC is still higher. The∆TC

depends on the sample homogenity, crystallinity etc. The higher∆TC of S
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50 is again the result of C substitution, which reduces the inplane (B plane)
crystallinity.

Inset of the figure 5.29 shows the ZFC magnetization curves enlarged
near the transition region. Samples added with Ho2O3 show a considerable
positive magnetic moment (M> 0) in the normal state. This is expected
as the Ho2O3 samples have the reacted phase HoB4, which has a strong
magnetic moment. The magnetic behavior of HoB4 is observed as a super-
posed paramagnetic background in the magnetization hysteresis loops of S
05, S 52 and S 55 samples (figure 5.30) also.

5.5.2 Results: Structural properties

Figure 5.31 shows the powder XRD patterns of the samples. MgB2 is the
main phase, with a trace amount of MgO, observed in all the samples. Sig-
nificant amount of HoB4 is observed in samples added with Ho2O3 and
slight amounts of Mg2C3 and Mg2Si are observed in BRH added samples.
No Ho2O3 or other Ho containing phase is observed in the Ho2O3 added
samples. As stated earlier BRH contains amorphous silica and C, available
for reaction. It seems that Si and C contained in the BRH reacted with Mg
to form the Mg2Si and Mg2C3 phases. It is reported that Mg2Si forms in
most of the Si based additives, such as nano-SiC, Si, silicides, silicon oil
etc on MgB2 [193–195] and has a significant role in improving the flux pin-
ning. Formation of Mg2C3 is also reported in carbon based doping studies
[140, 204]. No detectable amount of SiO2 is observed in the BRH added
samples. The presence of HoB4 indicates that some of the added Ho2O3

decomposed and reacted with B at the heat treated temperature as reported
earlier in the case of other REO doping [146–149]. In the codoped samples
HoB4, Mg2Si and Mg2C3 are observed as secondary phases, besides MgO.
No additional reacted phases are observed as a result of codoping.

The volume percentage of MgB2 and MgO phases formed in the sam-
ples is assessed from the integrated Xray peak intensities and is tabulated
in table 5.14. The undoped sample has the best phase purity and the highest
MgB2 volume fraction. Volume percentage of MgO is minimum in the un-
doped sample and is maximum in highly codoped sample. Minor fractions
of MgO observed in the undoped sample is due to the entrapped air before
the end sealing of the tubes. The oxygen available in BRH and Ho2O3 is
responsible for the increased amount of MgO in the added samples.
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Figure 5.31:XRD patterns of BRH and nano Ho2O3 added samples.

Table 5.14:Crystalline properties of the samples

Vol. of (%) Lattice parameters Carbon1 grain strain2

Sample MgB2 MgO a (Å) c (Å) c/a content size (%)

S 00 97.3 1.6 3.084 3.525 1.143 - 210 0.80
S 50 95.7 3.1 3.077 3.526 1.146 0.021 140 1.1
S 05 93.7 2.3 3.086 3.522 1.141 - 180 0.8
S 52 93.2 3.6 3.080 3.525 1.144 0.013 90 0.9
S 55 88.2 4.4 3.080 3.529 1.146 0.013 60 0.9

1 x in MgB2−xCx, estimated based on the data of RHT Wilkeet al [197] and Takenobuet al [198].
2 Lattice strain of (hk0) plane is determined from the slop of Williamson-Hall plot (Figure 5.33).

The a and c lattice parameters, calculated from the XRD data, for a
hexagonal crystal structure, is given in table 5.14. The value ofa decreases
considerably andc increases slightly with the BRH addition. This is in
agreement with other works on carbon based doping and is due to the sub-
stitution of C at the B site and is explained elsewhere [69, 205]. For the
Ho2O3 additiona shows slight increase andc remains almost the same,
compared to the undoped sample. Here also the observed result is in ac-
cordance with other REO additions. For the REO doping it is believed that
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RE will not occupy the lattice site of either Mg or B and hence the ob-
served very small change in the lattice parameters may be dueto the strain
induced by the nano particles, rather than a substitutionaleffect or struc-
tural change. In the codoped samplesa decreases andc increases compared
to the undoped one. Here the C substitution at B site (by BRH doping) is
the significant factor for the lattice parameter changes. The ratio c

a
, a mea-

sure of lattice distortion, increases with BRH doping, but remains almost
unchanged with Ho2O3 doping.
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Figure 5.32:FWHM of selected peaks of BRH and nano Ho2O3 added samples.

The Full Width at Half Maximum (FWHM) of selected peaks of the
samples are shown in figure 5.32. The data shows a clear and system-
atic trend with doping. The sample added with Ho2O3 alone shows same
FWHM values as that of the undoped sample, while the sample added with
BRH shows considerably different FWHM values. The FWHM of Ho2O3

added samples once again confirms that the RE ions are not entered into
the lattice sites in MgB2. The FWHM of the(00l) planes has hardly any
effect by the doping, either for mono or codoping. But the FWHMof (hk0)
and(hkl) planes are affected by the doping:(hk0)is the most affected. The
FWHM of (hk0)significantly increases with BRH doping, which is due to
the C substitution at B sites.
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Figure 5.33:Williamson-Hall plots of (hk0) planes of the samples. Points shows
data points and lines are linear fits to the data points.

Figure 5.33 shows the Williamson-Hall plots of the(hk0)planes of the
samples. Using the plots, lattice strain is estimated from the slope and the
crystallite size from they intercept. The estimated lattice strain values for
(hk0) planes for the samples are given in table 5.14. The samples added
with BRH have a considerably higher strain value. The sampleadded with
nano Ho2O3 alone (S 05) has slightly lower strain value compared to that
of the pure sample. For the(00l) planes, both BRH and nano Ho2O3 ad-
dition shows slight reduction in the lattice strain. The particle size (table
5.14) decreases significantly with the addition. The undoped sample has
an average particle size of 210 nm, while the samples S 50 and S05 have
particle sizes of 140 nm and 180 nm respectively. For S 52 and S55 the
particle size are still reduced to 90 nm and 60 nm. Thus from the FWHM
analysis it is clear that significant in-plane lattice strain occurs by BRH ad-
dition. Also both BRH and Ho2O3 addition causes considerable decrease
of MgB2 grain size.

The SEI SEM images of the fractured surface of the samples (figure
5.34) show distinct and systematic microstructural changeas a result of
doping. The undoped sample (S 00) shows randomly oriented faceted
hexagonal MgB2 grains with average size of 1-2µm. Some of the grains in
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Figure 5.34:SEI SEM of BRH and nano Ho2O3 added samples.

the sample showed sharp grain boundaries, while most of the grains show
melt like grain boundaries/connections. The BRH added sample (S 50) has
uniformly distributed flaky grains with much smaller size than those in S
00. The small size of the grains of S 50 is in agreement with itsobserved
higher FWHM values. Ho2O3 added sample (S 05) shows a mictrostruc-
ture significantly different from those of the above two samples. Some
amorphous like (less crystallized) regions (pockets) are seen in the matrix
of this sample. For the codoped samples, the microstructureof S 52 is
more like sample S 50, while sample S 55 is more like S 05.
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5.5.3 Discussion of the results

TheJC(H) of MgB2 is improved by the doping of nano Ho2O3 and BRH in
mono and codoping conditions. The level of enhancement is more in BRH
and less in Ho2O3 addition for monodoped samples. The codoped samples
have significantly enhancedJC(H) values compared to the undoped and
monodoped samples. In the case of bulk MgB2 superconductor, the in-
field critical current density is controlled by parameters like phase purity,
crystallinity, grain connectivity, flux pinning etc [84]. From the XRD and
SEM results it is very clear that the undoped sample has better phase purity
and crystallinity and homogeneity. the undoped sample sample has higher
TC and low∆TC values also. So the observed enhancement in flux pinning
and theJC(H) of the added samples cannot be attributed to a better phase
purity, crystallinity and/or homogeneity.

Considering the nano Ho2O3 alone added sample (S 05), the added
Ho2O3 reacted with B and formed HoB4 phase as impurity. The lattice
parameters, FWHM as well asTC and ∆TC values of the nano Ho2O3

added sample remains almost comparable to that of the undoped sample,
indicating that Ho is not entered into the lattice site of either Mg or B. In
this sample the pinning is mainly provided by the reacted impurity phase
HoB4. The strength of pinning force exerted on the flux lines by these
pinners may be weak and hence the observed moderate improvement in
flux pinning and moderate increase inJC(H) in the sample S 05. In other
words the main reason for theJC(H) improvement in Ho2O3 added sample
is pinning alone. For the BRH added sample there is clear evidence of C
substitution at the B site and this is the main reason for the strong enhance-
ment inJC(H) performance. The reaction induced secondary phases such
as Mg2Si and Mg2C3 can contribute to further pinning. For the codoped
samples both these effects of BRH and Ho2O3 are simultaneously active,
i.e., a combination of ’substitution’ + ’pinning’. The BRH addition im-
provesHC2 and the magnetic HoB4 particles provide strong pinning to the
vortex lines, together with the considerable reduction in the grain size by
addition, leads to the strong improvement ofJC(H) in the codoped samples.

5.5.4 Conclusion of the addition study

The superconducting properties of added MgB2 differ for the two additives.
BRH caused considerable amount of C substitution at B site and formed
Mg2Si and Mg2C3. Ho2O3 decomposed and reacted with B to form HoB4.
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Table 5.15:Influence of different categories of additives on MgB2.

Enhancement Main reason for
Additive of JC(H) JC(H) enhancement

Nano REO marginal Pinning by reaction induced impurities (REB4,
MgO etc)

Nano TiC moderate Pinning by unreacted nano TiC inclusions
Nano SiC Significant Carbon substitution and pinning by reaction in-

duced inclusions (Mg2Si, SiC)
BRH Significant Carbon substitution and pinning by reaction in-

duced inclusions (Mg2Si, Mg2C3)

No Ho is substituted at either Mg or B site. Considering theJC(H) perfor-
mance, for monodoping, Ho2O3 improved theJC(H) moderately, but BRH
improved theJC(H) strongly. Codoping of Ho2O3 with BRH is found to
be much more effective for the enhancement ofJC(H) of MgB2 than the
mono doping of any one of these additives. The substitution of C at B site
by BRH and the formation of magnetic particles of HoB4 by Ho2O3 are
the reasons for the strong improvement ofJC(H) in the added samples.

5.6 Summary of the chemical additions

Summarizing the chapter, the effect of different categories of additives on
the in-field in-field critical current density of MgB2 superconductor is stud-
ied and the in-field critical current density is significantly enhanced by se-
lective additives. Table 5.15 summarizes the influence of different cate-
gories of dopants on MgB2.

Figure 5.35 shows a comparison ofJC(H) performance of different ad-
dition studies carried out in the present work. The undoped MgB2 has
a very low JC value of 100-1000 A/cm2 for fields > 7 T at 5 K. By
the selective chemical addition the value ofJC is enhanced to 5× 103-
2 × 104 A/cm2 for the same fields and temperature. So that theJC(H)
enhanced by nearly 50 times compared to the pure MgB2. Burned rice
husk, a novel additive is introduced into MgB2, which improved the in-
field critical current density of the material strongly and the improvement
is at par with most of the best additives/dopants reported sofar. Fur-
ther, codoping studies of different type of materials suitable for substi-
tution/substitution+reaction/reaction are explored andfound to be much
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Figure 5.35:Comparison ofJC(H) performance of MgB2 due to different chem-
ical addition. Except BRH, all other additives are commercially available nano
materials. The data shown are for addition of 5 wt.% except for codopingwhere
the addition level were 2.5 wt.% for TiC, SiC, Ho2O3 and 5 wt.% for BRH.

more effective than monodoping. At 5 K and 8 T, the sample added with
5 wt.% of BRH and 2.5 wt.% nano Ho2O3 has aJC of 0.8× 104 A/cm2,
enhanced by 100 times compared to that of the undoped sample.As a con-
clusion and future direction, it may be fruitful to explore the codoping of
more materials with different nature to the MgB2 system for betterJC(H)
performance.
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Chapter 6

Summary and conclusions

6.1 Summary of the work

The objectives of the present work were to prepare good quality MgB2

superconductor in bulk and wire/tape geometries, and to improve its in-
field critical current density by suitable chemical additions.

Good quality MgB2 bulk superconductor was successfully prepared by
a simplein situ Powder-In-Sealed-Tube (PIST) method. In this method,
Mg and B powders were filled in seamless stainless steel tubesand heat
treated in atmospheric condition after sealing the ends. The method is
simple and cost effective, since no vacuum or inert atmosphere is needed
for the preparation. For the preparation of wires and tapes asystematic
study on the chemical reactivity of various sheath materials such as Ag,
Cu, Fe, Ni, SS and Ta with Mg/B was conducted. Among these Fe is
found to be the most suitable material for the sheath. Fe sheathed MgB2

wires and tapes were prepared byin situ Powder-In-Tube (PIT) technique
in mono and multi filamentary geometries. Further, a novel electrical self
heating method was introduced for the preparation of Fe sheathed MgB2

wires and tapes.

The prepared MgB2 in bulk, wire and tape forms were characterized for
phase purity, crystalline and microstructural propertiesand superconduct-
ing properties. The measured superconducting properties such asTC, ∆TC,
JC andJC(H) are at par with the best quality samples reported worldwide.
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Additives of different types were introduced into the MgB2 system for
improving the in-field critical current density. By selecting suitable combi-
nations of additives a significant enhancement of the critical current density
by 1-2 orders of magnitude were achieved for fields > 5 T, at 5 and 15 K.

Thus the objectives of the work have been achieved. Also mostof the
results and new findings of the research work included in the thesis are
published in SCI journals.

6.2 Conclusions

The main conclusions of the present work are :

1. Standardized a simple and inexpensive method, PIST, for the prepa-
ration of good quality MgB2 bulk superconductors. Typical PIST
samples have more than 98% of MgB2 phase with traces of MgO
as the only impurity. The method suppresses Mg loss and Mg ox-
idation and no vacuum or inert atmosphere is needed for the heat
treatment. PIST MgB2 has sharp superconducting transition with
TC around 38.5 K and∆TC <1 K. Critical current densities more
than 105 A/cm2 at 2 T and 5 K are achieved in typical PIST samples
without any additives.

2. Chemical compatibility of commonly used sheath materials such as
Ag, Cu, Fe, Ni, SS and Ta with Mg/B at the reaction temperature
(600-950◦C) is studied. Among these materials Fe, an inexpensive
and easily available material is found to be the most suitable choice
for the preparation ofin situ MgB2 wires and tapes. Ag, Cu and Ni
react with Mg and form impurity phases and reduce theJC drasti-
cally.

3. MgB2 wires and tapes in mono and multifilamentary geometries
were prepared by the PIT method. For multifilamentary conductors
Fe is used as the barrier (sheath surrounding MgB2), Cu is used for
thermal stabilization and Ni is used as the outer sheath. Ni is selected
as the outer sheath since is more resistant to oxidation and more en-
vironmentally stable. High thermal and electrical conductivity pre-
ferred the choice of Cu as the stabilizer. The prepared MgB2 conduc-
tors have critical temperature in the range 38-39 K. High transport
critical current densities in the range 104-105 A/cm2 at 25-30 K and
self-field have been achieved in the wires and tapes.
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4. It is demonstrated that MgB2 wires and tapes with good supercon-
ducting properties can be prepared by a novel cost effectiveelectrical
self-heating method.

5. Different categories of additives were introduced into the MgB2 for
improving its in-field critical current density. The additives include
nano rare earth oxides (REO), nano carbides (SiC and TiC) and
burned rice husk (BRH).

• Rare earth oxides react with B to form the respective rare earth
boride phase (REB4) without any lattice substitutions in MgB2.
The enhancement ofJC(H) by REO addition is only marginal,
typically 1-2 times.

• TiC remains unreacted without any lattice substitutions. TiC
causes a moderate improvement of 2-5 times inJC(H) values
at high fields.

• SiC dissociates and the Si reacts with Mg and forms Mg2Si.
The C released from the SiC substitutes at the B site. As a
result, SiC causes significant enhancement ofJC(H) values at
high fields. BRH, a natural material, also results significant
enhancements inJC(H) values of MgB2. Compared to the un-
doped sample, nano SiC and BRH added samples have 10-70
times higherJC(H) values at higher applied fields.

6. Burned rice husk (BRH), an inexpensive and easy availablenatural
material is found to be effective in enhancing the in-field critical cur-
rent density of MgB2 significantly. The enhancement is comparable
to most of the best known additives reported. Thus BRH seems to
be a good replacement for the costly nano SiC.

7. Combined addition of both substitution and inclusion type materials
produce much moreJC(H) enhancement than any one type can pro-
duce. Two sets of combined additions were studied : first withnano
SiC + nano TiC and second with BRH + nano REO (Ho2O3). In
both cases samples added with the two additives showed bestJC(H)
values compared to samples added with one of the additives. The
sample added with 5 wt.% of BRH and 2.5 wt.% of nano Ho2O3

have aJC(H) of 0.8× 104 A/cm2, nearly 100 times that of the un-
doped sample ( 0.8× 102 A/cm2), at 8 T and 5 K.
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6.3 Future directions

The present research work reports development of differentmethods to pre-
pare good quality MgB2 superconductor in various forms with improved
superconducting properties. However, there are many issues to be ad-
dressed before taking these products for practical applications. For the
wires and tapes, the heat treatment temperature, duration,starting com-
position, starting packing density and rolling parametersetc are yet to be
precisely optimized and a thorough optimization study is essential for max-
imizing the current carrying capacity of the conductors. The presented
transport current characteristics of the wires and tapes were done only on
short length samples of length≤ 11 cm. Whole length transport character-
istics in coil form of long conductors are needed for practical applications.

The current transfer problem in multifilamentary conductors has to be
minimized and more research work is needed to solve the issue. Another
important area that requires considerable applied research is on the ther-
mal stability of the multifilamentary composites. In the present work the
prepared multifilamentary conductors have only∼ 10% of MgB2 area frac-
tion and∼ 8% of Cu area. The rest of the composite have materials with
low thermal and electrical conductivities. The distribution and size (rela-
tive cross sectional area) of MgB2, Cu, Fe and Ni must be optimized for
improving the thermal stability of the composite.

Regarding theJC(H) improvement, the results presented in the thesis
shows significant enhancement by the BRH addition. The raw rice husk
contains some organic volatiles, carbon and silica mostly in amorphous
form. For the addition purpose this raw rice husk is burned at300◦C for
1 hour. No chemical or other thermal treatment is done on the raw rice
husk in the present study. Heat treatment of the raw rice huskat different
temperatures and duration and or chemical treatment of the raw rice husk
can be explored for maximizing C and Si and minimizing O2 and also for
finding the optimum levels of C substitution for the bestJC(H) behavior.
Regarding the new additives Carbides and Borides may be of worth full
for investigation. Exploring new inexpensive natural materials also must
be continued. Exploration of selective additives in the codoping condition
must be fruitful for further improvement of theJC(H) of MgB2 supercon-
ductor.
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[59] L. Ivanovskǐi, Physics of the Solid State45 (2003) 1829 and references therein.

158



References 159

[60] S. Jin, H. Mavoori, C. Bower, R. B. van Dover,Nature411 (2001) 563.

[61] D. C. Larblestier, L. D. Cooley, M. O. Rikel, A. A. Polyanskii, J.Jiang, S. Patnaik, X. Y. Cai, D. M.
Feldmann, A. Gurevich, A. A. Squitieri, M. T. Naus, C. B. Eom, E. E. Hellstrom, R. J. Cava, K. A.
Regan, N. Rogado, M. A. Hayward, T. He, J. S. Slusky, P. Khalifah, K. Inumaru, M. Haas,Nature
410 (2001) 186.

[62] C. H. Jiang, T. Nakane, H. Kumakura,Appl. Phys. Lett.87 (2005) 252505.

[63] Y. Feng, Y. Zhao, A. K. Pradhan, C. H. Cheng, J. K. F. Yau, L. Zhou, N.Koshizuka, M. Murakami,
J. Appl. Phys.92 (2002) 2614.

[64] S. Hata, T. Yoshidome, H. Sosiati, Y. Tomokiyo, N. Kuwano, A. Matsumoto, H. Kitaguchi, H. Ku-
makura,Supercond. Sci. Technol.19 (2006) 161.

[65] M. Iavarone, G. Karapetrov, A. E. Koshelev, W. K. Kwok, G. W. Crabtree, W. N.Kang, E. M. Choi,
H. J. Kim, S. I. Lee,Supercond. Sci. Technol.17 (2004) S106.

[66] H. J. Choi, D. Roundy, H. Sun, M. L. Cohen, S. G. Louie,Nature418 (2002) 758.

[67] D. G. Hinks, H. Claus, J. D. Jorgensen,Nature411 (2001) 457.

[69] S. M. Kazakov, R. Puzniak, K. Rogacki, A. V. Mironov, N. D. Zhigadlo,J. Jun, C. Soltmann,
B. Batlogg, J. Karpinski,Phys. Rev. B71 (2005) 024533.

[68] J. S. Slusky, N. Rogado, K. A. Regan, M. A. Hayward, P. Khalifah, T.He, K. Inumaru, S. M.
Lourerio, M. K. Haas, H. W. Zandbergen, R. J. Cava,Nature410 (2001) 343.

[70] W. Mickelson, J. Cumings, W. Q. Han, A. Zettl,Phys. Rev. B65 (2002) 052505.

[71] P. C. Canfield, D. K. Finnemore, S. L. Bud’ko, J. E. Ostenson, G. Lapertot, C. E. Cunningham,
C. Petrovic,Phys. Rev. Lett.86 (2001) 2423.

[72] M. N. Kunchur, S. I. Lee, W. N. Kang,Phys. Rev. B68 (2003) 064516.

[73] W. Goldacker, S. I. Schlachter, B. Obst, B. Liu, J. Reiner, S. Zimmer,Supercond. Sci. Technol.17
(2004) S363.

[74] S. Soltanian, X. L. Wang, I. Kusevic, E. Babic, A. H. Li, M. J. Qin, J. Horvat, H. K. Liu, E. W.
Collings, E. Lee, M. D. Sumption, S. X. Dou,Physica C361 (2001) 84.

[75] M. D. Sumption, M. Bhatia, X. Wu, M. Rindfleisch, M. Tomsic, E. W.Collings, Supercond. Sci.
Technol.18 (2005) 730.

[76] Y. Takano, H. Takeya, H. Fujii, H. Kumakura, T. Hatano, K. Togano, H. Kito, H. Ihara,Appl. Phys.
Lett.78 (2001) 2914.

[77] S. L. Li, H. H. Wen, Z. W. Zhao, Y. M. Ni, Z. A. Ren, G. C. Che, H. P. Yang, Z. Y. Liu, Z. X. Zhao,
Phys. Rev. B64 (2001) 094522.

[78] S. L. Bud’ko, C. Petrovic, G. Lapertot, C. E. Cunningham, P. C. Canfield, M. H. Jung, A. H.
Lacerda,Phys. Rev. B63 (2001) 220503.

[79] M. D. Sumption, M. Bhatia, M. Rindfleisch, M. Tomsic, S. Soltanian, S. X. Dou, E. W. Collings,
Appl. Phys. Lett.86 (2005) 092507.

[80] K. Vinod, N. Varghese, U. Syamaprasad,Supercond. Sci. Technol.20 (2007) R31.

[81] S. X. Dou, A. V. Pan, M. J. Qin, T. Silver, Frontiers in Superconducting Materials, (Editor:A. V.
Narlikar) Springer, 2005.

[82] V. Braccini, A. Gurevich, J. E. Giencke, M. C. Jewell, C. B. Eom, D. C. Larbalestier, A. Pogreb-
nyakov, Y. Cui, B. T. Liu, Y. F. Hu, J. M. Redwing, Q. Li, X. X. Xi, R. K. Singh, R. Gandikota,
J. Kim, B. Wilkens, N. Newman, J. Rowell, B. Moeckly, V. Ferrando, C. Tarantini, D. Marr,
M. Putti, C. Ferdeghini, R. Vaglio, E. Haanappel,Phys. Rev. B71 (2005) 012504.

[84] E. W. Collings, M. D. Sumption, M. Bhatia, M. A. Susner, S. D. Bohnenstiehl,Supercond. Sci.
Technol.21 (2008) 103001.

[83] J. Jiang, B. J. Senkowicz, D. C. Larbalestier, E. E. Hellstrom,Supercond. Sci. Technol.19 (2006)
L33.

[85] M. Eisterer,Supercond. Sci. Technol.20 (2007) R47.

[86] T. Matsushita, M. Kiuchi, A. Yamamoto, J. Shimoyama, K. Kishio,Supercond. Sci. Technol.21
(2008) 015008.

159



160 References

[94] S. K. Chen, A. Serquis, G. Serrano, K. A. Yates, M. G. Blamire, D. Guthrie, J. Cooper, H. Wang,
S. Margadonna, J. L. MacManus-Driscoll,Adv. Funct. Mater.18 (2008) 113.

[87] H. Yamada, M. Hirakawa, H. Kumakura, A. Matsumoto, H. Kitaguchi,Appl. Phys. Lett.84 (2004)
1728.

[88] H. Kumakura, H. Kitaguchi, A. Matsumoto, H. Hatakeyama,Appl. Phys. Lett.84 (2004) 18.

[89] S. K. Chen, Z. Lockman, M. Wei, B. A. Glowacki, J. L. MacManus-Driscoll,Appl. Phys. Lett.86
(2007) 242501.

[90] Y. F. Lu, J. S. Li, S. K. Chen, G. Yan, M. H. Pu, C. S. Li, P. I. Zhang, Physica C467 (2007) 38.

[91] B. J. Senkowicz, R. P. Moyet, R. J. Mungall, J. Hedstrom, O. N. C. Uwakwch, E. E. Hellstrom,
D. C. Larbalestier,Supercond. Sci. Technol.19 (2006) 1173.

[92] X. Xu, J. H. Kim, W. K. Yeoh, Y. Zhang, S. X. Dou,Supercond. Sci. Technol.19 (2006) L47.

[93] D. G. Hinks, J. D. Jorgensen, H. Zheng, S. Short,Physica C382 (2002) 166.

[95] T. Prikhna, W. Gawalek, Y. Savchuk, V. Moshchil, N. Sergienko, A. B. Surzhenko, M. Wendt,
S. Dub, V. Melnikov, C. Schmidt, P. Nagorny,Physica C386 (2003) 565.

[96] T. Prikhna, W. Gawalek, Y. Savchuk, N. Sergienko, V. Moshchil, S. Dub, V. Sverdum, L. Kovalev,
V. Penkin, M. Zeisberger, M. Wendt, G. Fuchs, T. Habisreuther, D. Litzkendorf, P. Nagorny, V. Mel-
nikov, Physica C460 (2007) 595.

[97] X. L. Wang, S. Soltanian, M. James, M. J. Qin, J. Horvat, Q. W. Yao, H.K. Liu, S. X. Dou,Physica
C 408 (2004) 63.

[98] N. A. Frederick, S. Li, M. B. Mapple, V. F. Nesterenko, S. S. Indrakanti,Physica C363 (2001) 1.

[99] A. N. Ling, C. Chen, X. Li, Q. R. Feng,Front. Phys. China1 (2007) 81.

[100] M. Maeda, Y. Zhao, S. X. Dou, Y. Nakayama, T. Kawakami, H. Kobayashi, Y.Kubota,Supercond.
Sci. Technol.21 (2008) 032004.

[101] G. Giunchi, G. Ripamonti, T. Cavallin, E. Bassani,Cryogenics46 (2006) 237.

[102] C. E. Cunningham, C. Petrovic, G. Lapertot, S. L. Bud’ko, F. Laabs, W. Straszheim, D. K.
Finnemore, P. C. Canfield,Physica C353 (2001) 5.

[103] J. D. DeFouw, D. C. Dunand,Appl. Phys. Lett.83 (2003) 120.

[104] C. B. Eom, M. K. Lee, J. H. Choi, L. J. Belenky, X. Song, L. D. Cooley, M. T. Naus, S. Patnaik,
J. Jiang, M. Rikel, A. Polyanskii, A. Gurevich, X. Y. Cai, S. D. Bu, S.E. Babcock, E. E. Hellstrom,
D. C. Larbalestier, N. Rogado, K. A. Regan, M. A. Hayward, T. He, J. S. Slusky, K. Inumaru, M. K.
Haas, R. J. Cava,Nature411 (2001) 558.

[105] K. Komori, K. Kawagishi, Y. Takano, H. Fujii, S. Arisawa, H. Kumakura, M. Fukutomi, K. Togano,
Appl. Phys. Lett.81 (2002) 1047.

[106] H. Abe, K. Nishida, M. Imai, H. Kitazawa, K. Yoshii,Appl. Phys. Lett.85 (2004) 6197.

[107] H. L. Suo, C. Beneduce, M. Dhallé, N. Musolino, J. Y. Genoud, R. Flükiger,Appl. Phys. Lett.79
(2001) 3116.

[108] H. Kumakura, A. Matsumoto, H. Fujii, K. Togano,Appl. Phys. Lett.79 (2001) 2435.

[109] G. Grasso, A. Malagoli, C. Ferdeghini, S. Roncallo, V. Braccini, A. S.Siri, M. R. Cimberle,Appl.
Phys. Lett.79 (2001) 230.

[110] A. Serquis, L. Civale, D. L. Hammon, J. Y. Coulter, X. Z. Liao, Y. T. Zhu, D. E. Peterson, F. M.
Mueller,Appl. Phys. Lett.82 (2003) 1754.

[111] H. Fang, S. Padmanabhan, Y. X. Zhou, K. Salama,Appl. Phys. Lett.82 (2003) 4113.

[112] H. Fang, P. T. Putman, S. Padmanabhan, Y. X. Zhou, K. Salama,Supercond. Sci. Technol.17 (2004)
717.

[113] B. A. Glowacki, M. Majoros, M. Vickers, J. E. Evetts, Y. Shi, I. Mcdougall,Supercond. Sci. Technol.
14 (2001) 193.

[114] A. K. Pradhan, S. B. Roy, P. Chaddah, C. Chen, B. M. Wanklyn,Phys. Rev. B49 (1994) 12984.

[115] C. Meingast, D. C. Larbalestier,J. Appl. Phys.66 (1989) 5971.

[116] C. Meingast, P. J. Lee, D. C. Larbalestier,J. Appl. Phys.66 (1989) 5962.

160



References 161

[117] R. M. Scanlan, W. A. Fietz, E. F. Koch,J. Appl. Phys.46 (1975) 2244.

[118] S. X. Dou, X. L. Wang, Y. C. Guo, Q. Y. Hu, P. Mikheenko, J. Horvat, M. Ionescu, H. K. Liu,
Supercond. Sci. Technol.10 (1997) A52.

[119] J. Shimoyama,Supercond. Sci. Technol.13 (2000) 43.

[120] T. Matsushita,Supercond. Sci. Technol.13 (2000) 730.

[121] Y. P. Sun, W. H. Song, B. Zhao, J. J. Du, H. H. Wen, Z. X. Zhao, H.C. Ku, Appl. Phys. Lett.76
(2000) 3795.

[122] E. Martínez, P. Mikheenko, M. Martínez-López, A. Millán, A. Bevan, J. S. Abell, Phys. Rev. B75
(2007) 134515.

[123] H. Kitaguchi, A. Matsumoto, H. Kumakura, T. Doi, H. Yamamoto, K. Saitoh, H. Sosiati, S. Hata,
Appl. Phys. Lett.85 (2004) 2842.

[124] X. Y. Song, S. E. Babcock, C. B. Eom, D. C. Larbalestier, R. Ka, R. J. Cava, S. L. Bud’ko, P. C.
Canfield, D. K. Finnemore,Supercond. Sci. Technol.15 (2002) 511.

[125] A. Yamamoto, J. Shimoyama, S. Ueda, Y. Kastura, I. Iwayama, S. Horii, K. Kishio, Appl. Phys.
Lett.86 (2005) 212505.

[126] S. Li, T. White, K. Laursen, T. T. Tan, C. Q. Sun, Z. L. Dong, Y. Li, S. H. Zho, J. Horvat, S. X. Dou,
Appl. Phys. Lett.83 (2005) 314.

[127] Y. Bugoslavsky, L. F. Cohen, G. K. Perkins, M. Polichetti, T. J. Tate, R. Gwilliam, A. D. Caplin,
Nature411 (2001) 561.

[128] A. Martinelli, C. Tarantini, E. Lehmann, P. Manfrinetti, A. Palenzona, I. Pallechi, M. Putti, C. Fer-
deghini,Supercond. Sci. Technol.21 (2008) 012001.

[129] I. Pallechi, C. Tarantini, H. U. Aebersold, V. Braccini, C. Fanciulli, C. Ferdeghini, F. Gatti,
E. Lehmann, P. Manfrinetti, D. Marré, A. Palenzona, A. S. Siri, M. Vignolo, M. Putti, Phys. Rev. B
71 (2005) 212507.

[133] K. Vinod, R. G. A. Kumar, U. Syamaprasad,Supercond. Sci. Technol.20 (2007) R1.

[130] S. X. Dou, S. Soltanian, W. K. Yeoh, Y. Zhang,IEEE Trans. Appl. Supercond.15 (2005) 3219.

[131] S. X. Dou, O. Sherbakova, W. K. Yeoh, J. K. Kim, S. Soltanian, X. L.Wang, C. Senatore,
R. Flükiger, M. Dhallé, O. Husnjak, E. Babic,Phys. Rev. Lett.98 (2007) 097002.

[132] W. K. Yeoh, S. X. Dou,Physica C456 (2007) 170.

[134] M. Bhatia, M. D. Sumption, E. W. Collings,IEEE Trans. Appl. Supercond.15 (2005) 3204.

[135] Y. Feng, Y. Zhao, A. K. Pradhan, C. H. Cheng, J. K. F. Yau, L. Zhou, N. Koshizuka, M. Murakami,
Appl. Phys. Lett.92 (2002) 2614.

[136] Y. Zhao, Y. Feng, C. H. Cheng, L. Zhou, Y. Wu, T. Machi, Y. Fudamoto, N. Koshizuka, M. Mu-
rakami,Appl. Phys. Lett.79 (2001) 1154.

[137] T. M. Shen, G. Li, C. H. Cheng, Y. Zhao,Supercond. Sci. Technol.19 (2006) 1190.

[138] S. X. Dou, S. Soltanian, Y. Zhao, E. Getin, Z. Chen, O. Shcherbakova,J. Horvat,Supercond. Sci.
Technol.18 (2005) 710.

[140] Y. Ma, X. Zhang, G. Nishijima, K. Watanabe, S. Awaji, X. Bai,Appl. Phys. Lett.88 (2006) 072502.

[139] M. Hermann, W. Haessler, C. Rodig, W. Gruner, B. Holzapfel, L. Schultz,Appl. Phys. Lett.91
(2007) 082507.

[142] S. X. Dou, S. Soltanian, J. Horvat, X. L. Wang, S. H. Zhou, M. Ionescu, H. K. Liu, P. Munroe,
M. Tomsic,Appl. Phys. Lett.81 (2002) 3419.

[141] S. X. Dou, A. V. Pan, S. H. Zhou, M. Ionescu, X. L. Wang, J. Horvat, H. K. Liu, P. R. Munroe,J.
Appl. Phys.94 (2003) 1850.

[143] S. X. Dou, A. V. Pan, S. H. Zhou, M. Ionescu, H. K. Liu, P. R. Munroe, Supercond. Sci. Technol.
15 (2002) 1.

[144] A. Matsumoto, H. Kumakura, H. Kitaguchi, B. J. Senkowicz, M. C. Jewell, E. E. Hellstrom, Y. Zhu,
P. M. Voyles, D. C. Larbalestier,Appl. Phys. Lett.89 (2005) 132508.

[145] S. Zhou, A. V. Pan, D. Wexler, S. X. Dou,Adv. Mater.19 (2007) 1373.

161



162 References

[148] S. K. Chen, M. Wei, J. L. MacManus-Driscoll,Appl. Phys. Lett.88 (2006) 192512.

[146] C. Cheng, Y. Zhao,Appl. Phys. Lett.89 (2006) 252501.

[149] X. F. Pan, T. M. Shen, G. Li, C. H. Cheng, Y. Zhao,Phys. Status Solidi (a)204 (2007) 1555.

[147] J. Wang, Y. Bugoslavsky, A. Berenov, L. Cowey, A. D. Caplin, L.F. Cohen, J. L. MacManus-
Driscoll, L. D. Cooley, X. Song, D. C. Larbalestier,Phys. Status Solidi (a)81 (2002) 2026.

[150] T. H. Johansen, M. Baziljevich, D. V. Shantsev, P. E. Goa, Y. M. Galperin, W. N. Kang, H. J. Kim,
E. M. Choi, M. S. Kim, S. I. Lee,Europhys. Lett.59 (2002) 599.

[151] D. V. Shantsev, A. V. Bobyl, Y. M. Galperin, T. H. Johansen, S. I. Lee,Phys. Rev. B72 (2005)
024541.

[152] I. Felner, V. P. S. Awana, M. Mudgel, H. Kishan,J. Appl. Phys.101 (2007) 09101.

[153] S. K. Chen, K. A. Yates, M. G. Blamire, J. L. MacManus-Driscoll,Supercond. Sci. Technol.18
(2005) 1473.

[154] F. Wu, Y. F. Lu, G. Yan, J. S. Li, Y. Feng, H. P. Tang, S. K. Chen, H. L. Xu, C. S. Li, P. X. Zhang,
Supercond. Sci. Technol.19 (2006) 1215.

[155] X. Xu, M. J. Qin, K. Konstantinov, D. I. Santos, W. K. Yeoh, J. H. Kim, S. X. Dou,Supercond. Sci.
Technol.19 (2006) 466.

[156] W. Háßler, B. Birajdar, W. Gruner, M. Herrmann, O. Perner, C. Rodig, M. Schubert, B. Holzapfel,
O. Eibl, L. Schultz,Supercond. Sci. Technol.19 (2006) 512.

[157] D. Wang, Y. Ma, Z. Yu, Z. Gao, X. Zhang, K. W, E. Mossang,Supercond. Sci. Technol.20 (2007)
574.

[158] J. S. Rhyee, C. A. Kim, B. K. Cho, J. T. Kim,Appl. Phys. Lett.80 (2002) 4407.

[159] Q. Z. Shi, Y. C. Liu, Q. Zhao, Z. Q. Ma,J. Alloys Compd.458 (2008) 553.

[160] S. C. Yan, G. Yan, C. F. Liu, Y. F. Liu, L. Zhou,J. Alloys Compd.437 (2007) 298.

[161] Y. C. Liu, Q. Z. Shi, Q. Zhao, Z. Q. Ma,J. Mater. Sci: Mater. Electron.18 (2007) 855.

[162] C. Cui, D. Liu, Y. Shen, J. Sun, F. Meng, R. Wang, S. Liu, A. L. Greer, S. Chen, B. A. Glowacki,
Acta Mater.52 (2004) 5757.

[163] E. Martínez, L. A. Angurel, R. Navarro,Supercond. Sci. Technol.15 (2002) 1043.

[164] S. Zhou, A. V. Pan, M. Ionescu, H. Liu, S. X. Dou,Supercond. Sci. Technol.15 (2002) 236.

[165] W. Háßler, C. Rodig, C. Fischer, B. Holzapfel, O. Perner, J. Eckert, K. Nenkov, G. Fuchs,Super-
cond. Sci. Technol.16 (2003) 281.

[166] C. R. M. Grovener, L. Goodsir, C. J. Salter, P. Kováč, I. Hušek,Supercond. Sci. Technol.17 (2004)
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