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PREFACE

In the superconducting state, a superconductor has zertiedt re-
sistance and hence can transport large electrical cuvétiteut any re-
sistive loss. The unique property of dissipation free aurteansport has
strong prospective on practical applications. Today stgretucting mate-
rials have extensive uses in energy production, storageliatribution, in
electronics, and most importantly in high field magnets. éscpnducting
magnets have major use in MRI instruments in medical fieldhiigh field
R & D instruments like NMR, for energy storage in SMES, for fine-
ment of plasma in fusion reactors and for the magnetic lgoitasystems
in transportation. The wide spread use of superconductarginly lim-
ited by cost associated with maintaining very low tempeesu

The most commonly used superconducting materials are twddm-
perature superconductors (LTS), NbTi having@of 9 K and NizgSn hav-
ing aTc of 18 K. NbTi has arHc, of 10-11 T at 4.2 K and is relatively
easy to fabricate in wires or tapes and occupies most of thhéiddd mag-
nets in MRI instruments. N¥$n hasHc, value of more than 20 T at 4.2
K and is used in high field magnets. Both NbTi and;Sbh based magnets
use liquid helium (LHe) as the coolant, which is expensivee @iscovery
of high temperature superconductors (HTS), supercontyietbove 77 K
and havingHc, more than 100 T, made excitement with the possibility of
operating superconducting devices at a reduced cost. Tlaedsee cooled
to the superconducting state using liquid nitrogen £),Nivhich is much
cheaper than liquid helium. But the HTS conductors facedynteohni-
cal problems in making wires and coils. These materials eaeujar and
highly anisotropic and the critical current density fallagply in applied
fields.

The discovery of superconductivity in MgBa binary intermetallic, in
2001 by Jun Akimitsu’s group in Japan generated a boom inegppliper-
conductivity research. MgBhas a highell¢ of 39 K as compared to the
conventional LTS and is free from most of the limitations of$ MgB;
conductors with large transport current densities of adol@ A/cm? at
4.2-20 K have been demonstrated in a few labs. MbgBsed systems
can be operated in the 20-30 K temperature range with cryeogelim-
inates the need for expensive LHe), where conventional Lii$hat be
used. Compared to the HTS, preparation of Mgio multifilamentary
conductors is relatively easy and the raw materials arepe@sive.
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Currently the major challenges involved in the developnantigB,
conductors for practical applications are the preparatiogood quality
MgBs. in bulk, wire/tape and coil, and improvement of field perfamoe.
The oxidation and vapor loss of Mg are the main hurdles foptieparation
of good quality MgB. The wide difference in the melting point between
Mg (650°C) and B (208C°C) limits the solid - solid and liquid - liquid
reaction, and the MgBformed by liquid - solid reaction is highly porous.
The sinterability of MgB grains is poor also. Mg reacts with most of the
common sheath metals and the mechanical workability of atediy com-
patible metals is low. MgBhas high critical current density at self-field,
but the critical current density falls sharply in appliedd&® For techno-
logical applications the in-field critical current densitwst be improved
considerably.

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

The thesis is organized into 6 chapters. First chapter givagef intro-
duction to the phenomenon of superconductivity, supergctirag materi-
als, applications and the features of Mgiiperconductor. A review of the
present international status on the development of pMgBlso given in the
chapter. The second chapter discusses the various mateialcterization
techniques used for the study. Third, fourth and fifth chiegdescribes the
experimental results, main findings and discussion of teeareh carried
out. Third chapter deals with the preparation and charnaetiésn of bulk
MgB, superconductor. Fourth chapter deals with the preparatidrchar-
acterization MgB superconductor in mono and multifilamentary wire/tape
form. Fifth chapter deals with the chemical addition stediarried out
to improve the in-field critical current density of MgBuperconductor.
Chapter 6 summarizes the work with main conclusions andabpesfor
future work.

A simple Powder-In-Sealed-Tube (PIST) method is identifioegrepar-
ing good quality MgB bulk superconductor. In this method, Mg and B
powders were filled in seamless stainless steel tubes antréaied in at-
mospheric condition after sealing the ends. The methodriplsiand cost
effective, as the need for vacuum or inert atmosphere isredited for the
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preparation. For the preparation of wires and tapes a sgsiestudy on
the chemical reactivity of various sheath materials such@<Cu, Fe, Ni,
Stainless Steel (SS) and Ta with Mg/B was conducted. Amoeggtire is
found to be the most suitable material for the sheath. FetlsbeédMgB
wires and tapes were preparedihysitu Powder-In-Tube (PIT) technique
in mono and multi filamentary geometries. Further, a nowstteical self-
heating method was introduced for the preparation of FetshdaVigB
wires and tapes. The prepared superconductor in bulk, witéaoe forms
were characterized for phase purity, structural and sopeiucting proper-
ties, and these are at par with the best quality samplestespaorldwide.

Additives of different types were introduced into the Mgfr improv-
ing the in-field critical current density. Burned rice hu®RH), an in-
expensive natural material is found to be one of the bestiaddor en-
hancing the in-field critical current density of MgBBy selecting suitable
combinations of additives a significant enhancement of thiea current
density by 1-2 orders of magnitude were achieved for fieldS'>d 5 and
15 K.
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Chapter 1

Introduction to MgB »
superconductor

1.1 Superconductivity

In 1908 Heike Kamerlingh Onnes, professor of experimenigisits at
the university of Leiden (Holland) liquified helium for thedi time. He
soon set about measuring the electrical resistivity of ettlow tem-
peratures. In 1911, while measuring the electrical regigtof mercury,

he observed a sudden and massive drop in resistivity bel@dw 4As the
mercury wires were slowly cooled below 4.2 K, in just a few tredths

of a degree, the resistance dropped to immeasurably love vaki practi-
cally into zero [1]. Onnes termed the electrical state mgrbad entered
assuperconductingstate. Thus the phenomenon of vanishing of electrical
resistivity of materials below a particular low temperathias 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 supducting transi-
tion temperature ocritical temperature Tc.

In 1933 Meissner and his student Robert Oschenfield made porim
tant discovery about the behavior of superconductors iereat magnetic
fields. While investigating the superconducting transitiddrmaterials in
applied magnetic fields, they found that the magnetic flux exgzelled
from the interior of the superconductor (for field upto aicat field Hc),

1



2 1. Introduction to MgB superconductor

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

The normal and superconducting state of a material is d@tedrby
the temperature, external magnetic field and the currengigefiowing
through the material. Thus for the occurrence of supercoindty in a
material the temperature must be belowdhécal temperature (T¢), the
external magnetic field must be below ttritical field (H¢) and the cur-
rent density flowing through the material must be belowdtigcal cur-
rent density (Jc). The three parameteiig (H,J), He (T,J) andJc (H,T)
define a critical surface as illustrated in figure 1.1, beméae¢ surface the
material is in superconducting state and above the surfacenaiterial is
in normal state.

Critical surface

Current density

Figure 1.1:lllustration of superconducting critical surface.

The usefulness of a superconductor for technological egiins de-
pends on its ability to carry sufficient high current densitthout resistive
losses at the working fieldH) and temperaturél(). There are two limits to
theJc in practical superconductors: the intrindigis limited byHco, Hir

2



1. Introduction to MgB superconductor 3

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

1.2 Electromagnetic properties of
superconductors

Superconductors have peculiar electromagnetic propetia differ very
much from that of normal conducting materials. In the supedeicting
state a superconductor has zero electrical resistance anaasry DC
transport currents without any dissipation or energy lagso the critical
current (c). The behavior of a superconductor in an AC field or AC trans-
port current is more complex and is not included in the disicursas it is
outside the scope of the present work. In the case of AC toahesprrents,
the flow is superconducting at lower frequencies, the ctiegperiences
an inductive reactance at higher frequencies. At optiegjfencies (> 10
Hz), the AC current flow is mostly normal.

A superconductor behaves differently from that of a nornealductor
in an external magnetic field. Based on their behavior in dereal field,
superconductors are classified into two categorieype | and Type I
superconductors.

In the superconducting state a superconductor shows Meisffact and
expels an external magnetic field from its interior, uptb@modynamic
critical field Hc. The expulsion of field is independent of the experimen-
tal history ie. whether the field is applied after coolingdvelT¢ (Zero
Filed Cooling— ZFC) or the superconductor is cooled below thgin
the presence of a field (Field Coolirg FC). While the description of the
field being excluded from the volume is reasonable, in ne#tlie external
field penetrates to a small depth, to the so called Londontpaita length
A = ——=— , where e and mare the charge and mass of electron and

LoN g€

is the éensity of superconducting electrons. Inside themagmductor, the
density of superconducting electrons cannot change dprampd changes
gradually only over a distance called the coherence lefigithat is there
is no sharp boundary between a normal conducting and supsrcting

regions and the transition from a superconducting to nowcoabucting

3



4 1. Introduction to MgB superconductor

region takes place over a length&fThe coherence length has a constant
value at the core of a superconducting region and decreaadsaily to
zero at the interface of normal region. The ratio of pengiomalepth to the
coherence length of a material is known as the Ginsburg-dardnstant

K(K = %). A material is a type | superconductor for the Ginsburg-daan

constant K= % < % and a type Il superconductor for K % > L

V2
[3, 4, also page 19-20 of ref:12].

1.2.1 Type | superconductors

Type | superconductors expel an external magnetic field thain interior,

upto a thermodynamicritical field Hc. For external fields abovdc the

superconductor turns into normal material and allows therazl fields to
penetrate to the interior of the superconductor. For fielth-<{Meissner
state) Type | superconductor acts as a perfect diamagnétasq t= -1

and M = -H and for fields 3H¢ (normal state)y = 0 and M = 0. Figure
1.2 (a) shows the variations of internal field with externeldifor a type |
superconductor.

1.2.2 Type Il superconductors

Below alower critical field Hcy, a type 1l superconductor behaves as that
of a type | superconductor and expels any magnetic field frsninte-
rior. For fields above thélc; the external magnetic field starts to pene-
trate into the interior of the type Il superconductor in tloenf of quan-
tized flux vortices. These quantized flux vortices are knos/fitexons and
each fluxon is a tube of radius of the London penetration dagih) in
which superconducting screening currents circulate at@small non su-
perconducting core of radiugT’). The flux carried by a single fluxon is
g = £ =2 x 1071 Wh [3, 4]. As the external field increases, more
and more flux vortices are created at the surface of the sopaéuctor and
are penetrated into the interior, and they arrange themseéfva regular
lattice. This state, called the mixed statevortex state is important for
the practical applications. As the fields increases furtier flux vortices
fill the superconducting matrix and thus reduce the supelecing area.
At a particular high field, called thepper critical field Hc,, the entire su-
perconducting area is filled by vortices and the supercaodtierns into a
normal material. For fields ¢, (Meissner state) type Il superconductor
acts as a perfect diamagnet so that -1 and M = -H, for fields >H¢y
and <Hc; (mixed or vortex state) magnetic field penetrates in the fofm

4



1. Introduction to MgB superconductor 5

guantized vortices so that 0> -1 and 0 > M > -H and for fields #¢,
(normal state)y = 0 and M = 0. Figure 1.2 (b) shows the variations of
internal field with external field for a type Il superconducteigure 1.2 (c)
and (d) show schematic-HT phase diagrams for type | and type Il super-
conductors respectively. Thtc; is of order of 16-100 mT for most of the
type Il superconductors, while they have very hidh, values of several
tesla.

Normal

5 3
7 Z
.E '5
= =
H,
c
Happ
Hey
Normal Normal
H(T)
H H Vortex
H
¢ H(T)
Meissner (c) H e (d)
Meissner
T, T,
T ¢ T ¢

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

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

For a type Il superconductor, in the vortex state the supehector is filled
with fluxons. These fluxons have a normal core of quantizechetagfield
lines. The number of quantized vortices increases withreatdield and in

5



6 1. Introduction to MgB superconductor

a perfect superconducting crystal the competition betweeimter-vortex
repulsion and the magnetic pressure from the outside fieldesathe vor-
tices to arrange themselves in a regular lattice. But ingepérconductors
there are defects, which pin the vortices, and stop from ngywdisrupting
the Flux Line Lattice (FLL) [4, 5]. But with increasing temagure ) and
field (H) the flux lines attain enough energy to depin from the pinsites
and start to migrate to form FLL. Figure 1.3 shows a schenakdigram of
vortex state of a type-Il superconductor.

Fluxons (vortices)

Superconducting matrix

H app

-

F=J-xH

app

Figure 1.3:Type Il superconductor in the vortex state, showing flux vortices and
the variation of superconducting electron density), and the fieldB) in a vortex

core. Js is the superconducting circulating screening currents associated with the
vortices.

During a macroscopic transport current flow through the sxgreluc-
tor, the fluxons experience a Lorentz folee= Jc x B, in a direction per-
pendicular to both the current density and field. This Lardatce tends
to move the flux lines. The lattice defects or imperfectioas pin the
flux lines to some extend and once the Lorentz force exceéslpitining
force, the flux lines start to move. The flux lines experieramae viscous
resistance in their movement and cause energy dissipatibe isupercon-
ductor. The flux flow induces an electric field = n;®ovy (Whereny
is the number of fluxonsp, is the quantum of flux and; is the veloc-

6



1. Introduction to MgB superconductor 7

ity of flux flow) and the transport current becomes dissigatifhe flux
flow and dissipation are higher for increased temperatuepplied field.
This limits the non dissipativéc(T, H) to a value, defined by the balance
of the pinning and Lorentz forces [page 94-102 of ref:12 analpter 9,
page 303 of ref: 6]. Due to the flux flow, for an applied field abaMimit,
called theirreversibility field Hj,, (much below the upper critical field
Hco) energy dissipation starts and hence dissipation fresph current
flow stops. In order to sustain the non dissipative curremt #bhigh fields
and temperatures the flux lines must be pinned.

The physics and engineering of vortex dynamics and flux poprire
highly interesting and are active research fields in apgigzerconductiv-
ity. The atomic or crystal defects such as grain boundaviads, strains,
twin planes, inhomogeneities and secondary phases priesera super-
conductors are effective pinning siteghe flux pinning can be improved
to maximizeJc in practical conductors bgailoring the microstructureof
the superconductor and in the optimized caselthean enhanced by one
or two orders of magnitude in practical superconductorséhnically use-
ful magnetic fields.

In a practical superconductor, there will be a large numbé&ug lines
interacting with each other and interacting with differpirining centers.
The bulk flux pinning depends on the basic interactions betvibe indi-
vidual flux lines (flux line-flux line) and between flux linescaimdividual
pinning centers (flux line-pinning center). For a weak iat¢ion between
the flux lines (the magnetic interaction between flux linejulsive) the
FLL acts as a two dimensional elastic crystalline solid. His tase there
will be as many flux lines as possible are located on the pgoenters.
If the number density of flux lines is less than or equal to thmber of
pinning centers (for instance in small applied fields) thaoheflux line is

1To nucleate a flux line within the superconductor, the systemst provide enough energy
(This energy per unit length of flux line, called the cond¢iosaenergy, is given by the
volumetric free energy due to the magnetic field within the fiog) to convert the core of the
flux line to the normal state. If the flux line is centered on a flincing center such as a void
or normal conducting inclusion of radigs the condensation energy needed to produce the
normal core of the flux line would be saved, and the flux line Wade a lower free energy at
the location of the void than it would be in the bulk. That imianed vortex has a lower free
energy than a free vortex in a superconductor. The resufi®free energy change is that the
flux line requires an increase in its energy per unit lengtieétp the condensation energy,
to move away from the flux pinning center. Thus, the flux pinréegter holds the flux lines
from moving and hence reduces the dissipation [page-97-l6Z:¢7].

7



8 1. Introduction to MgB superconductor

individually pinned and the bulk pinning force is large. O tother ex-
treme in which the interaction between the flux lines is sjrahe FLL
acts as a two dimensional rigid crystalline solid. In thisesgthe bulk pin-
ning force due to a collection of randomly distributed pimcenters will
be small over the completely rigid FLL. However, for praatipolycrys-
talline systems the correct description of pinning lies eamere between
these two extremes of direct summation and rigid FLL lafjieee-97-102
of ref: 7].

1.3 Superconducting materials

Mercury (Hg) is the first material observed to be supercotidgén 1911

by Kamerlingh Onnes. Now, nearly after one century of theaisry

of the phenomena, thousands of materials including mettdss, binary

and multicomponent compounds of metals, ceramics, dopleddnes and
organic molecules are found to be superconducting withsitian temper-
atures ranging from a milli kelvin te- 150 K [8-10]. Many materials,
non-superconducting under normal conditions, becomersapéucting

under pressure, upon irradiation or charge doping, and soaterials in

thin film form [11].

Table 1.1 gives some of the superconducting materials afvsclasses.
Among the simple elemental superconductors Li has the kigheof 20
K under high pressure while Nb has the highksbf 9.25 K under normal
conditions. Highly conducting ordinary metallic matesidike Cu, Ag and
Au are non-superconductors even to the lowest temperatudéed. Al
is superconducting and hasla of 1.18 K in bulk and 3.6 K in thin film
form. Intermetallic materials with the A15 crystal strugsuch as YSi,
NbsSn, NizGa and NBGe have higher transition temperatures than the
elemental superconductors. Of these A15 supercondudibese has a
Tc of 23.2 K and this was the highe$t for a superconductor for many
decades, before the mid 80’s [chapter 3 page 59 of ref: 6jth&le simple
elemental, alloy and intermetallic superconductors thaefic at or below
the ~ 23 K are known as the low temperature superconductors (L&) a
are well explained by the BCS theory of superconductivity.

The discovery of superconductivity in copper oxide systems a break-
through in superconductivity research. In 1986 Bednorz Mdiidler re-
ported the existence of superconductivity in LaBaCuO, atrarssingly

8



1. Introduction to MgB 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 Ly 7Feiq s 1.0
ThgoCo20 3.8
Alloys NbTi 9.0
MoTc 16.0
A15 type (AsB) NbsSn 18.0
NbsGe 23.2
Laves phase (AB) ZrV o 9.6
LaOs 8.9
Chevrel phase (ABMoglg) PbMa; Sg 12.6
Sy 2MogSs 14.2
Heavy electron systems UPRAl 5 2.0
Organic materials (TMTSF)RE 0.9
(BEDT-TTF); Cu[N(CN),]BrP 0.6
Magnetic material ErRiB4 10
Doped Fullerenes GE€s0 47.4
Rby.7Tl2.2Ce0 45
Borides MgB» 39
ZrB12 5.82
YRh4B4 11.3
Borocarbides YPgB,C 23
Oxides B@_6K0,4Bi03 30
LiTi2O4 13.7
Cuprates YBaCuz O~ 92
BiQSTQCGQCUgol() 110
Hg2SrCaCu3O10 135
Oxypnictides SmQ.gFp.1FeAs 55
NdOO,gg Fo.1sFeAs 51

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

high T¢ of ~ 30 K, [18], initiating the era of higiT¢ superconductivity
(HTS). The discovery of superconductivity in the mixed YB&Lcom-
pound system witfT ¢ above 90 K higher than the boiling temperature of

9



10 1. Introduction to MgB superconductor

liquid nitrogen (77 K) was another milestone in the searahnfawv HTS
materials [19, 20]. For years, copper oxide systems domihtie con-
densed matter field research and now a lot of HTS materials haen
discovered, withl ¢ above 100 K.

The discovery of superconductivity in MgBa binary intermetallic with
an unusually highl¢ of 39 K by Jun Akimitsu’s group [21] in Japan in
2001 surprised the condensed matter research field. Thdwgghct of
MgB, is much below the copper oxide based HTS, it generated adgaat
of interest in both theoreticians and experimentalistsldvade. MgB;
has the highestc among non-cuprate oxide bulk superconductors, under
normal conditions. Recently Iron based layered compounel$caind to
be superconducting witlc comparable and higher to that of MgBTc
values of above 50 K anld¢; values of the order of 100 T were reported
for the Iron based superconductors [16, 17, 22]. However tbatain the
toxic arsenic and the fabrication into wires/tapes withtdreproperties is
not standardised yet. MgBs free from most of the limitations of HTS
and has a higheFc than the presently using LTS materials.

1.4 Applications of superconductors

The unusual physical properties of superconductors exbult some re-
markable applications in specific areas. Superconductiatgmals can
replace the conventional materials in many applicatiorss \&ith better
performance. The choice between conventional and supductive ma-
terials is generally related to technical and economicpkets, and the
latter is the main factor limiting the widespread use of sapeductors in
practical applications. However, in many fields the supedcating tech-
nology is often the only possibility for achieving the re@ad performance.
By using superconducting components, the size and weighsttiments
and devices can be reduced compared to conventional tecewehich is
an important issue for fields like space applications. Toslgyerconduc-
tors have a wide range of commercial and industrial apptinatin energy
production, storage, and its distribution, in sensor niatgrin microwave
communication systems and most importantly in high field meags The
special issue oBupercond. Sci. Techngbublished on 15 February 2006
discusses the status and future of some major applicatfauperconduc-
tivity in different countries. The main application sec@f superconduct-
ing materials are tabulated in table 1.2.

10



1. Introduction to MgB superconductor 11

Table 1.2:General applications of superconductors

Area/Field Applications

Energy/Power: Generation Generators, SMES, Superconducting bearings for
& Storage flywheel storage

Energy/Power: Distribution ~ Cables, Transformers, Curieands, 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 aSRQ,
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,  Magnetohydraaiyrics,

Space applications

Superconducting magnets have exclusive uses in some caimather
available instruments like MRI instruments in medical fiddd for high
field magnets for NMR and particle accelerators. NbTi is thuestly used
superconducting material for MRl magnets. For high field nedg, NBSn
is mostly used and some HTS based inserts are also developstillf
higher fields. HTS based magnets inserted in high field LTS neisg
are tested upte- 25 T [23]. Superconducting solenoids are being used
for bending and focusing of high energy particles in higlergy particle
physics labs like BNL, CERN, DESY and the Fermi Laboratorgsigles
solenoids, superconducting RF cavities are also find agijics in par-
ticle accelerators. Large-scale application of superaotidg cavities to
electron and ion accelerators is established at many las@s around the
world [24]. With the development of cryocoolers, variousds of cryogen
free superconducting magnets with fields of the order of 2éeThaw de-
veloped for practical applications [25, 26]. In fusion reas, the plasma
temperature needed for energy production is several midegrees, and
high field superconducting magnets are required to confiaepthsma.
The International Thermonuclear Experimental ReactoERY project is
engaged in the development of fusion reactor and a largetitpyahL TS
superconductors is being manufactured for the project3&},

11



12 1. Introduction to MgB superconductor

Since the supercurrent in a superconductor persists farydaeg time,
superconductors have applications in energy storage &lsperconduct-
ing Magnetic Energy Storage (SMES) can store mega joulenefgg,
without resistive losses. SMES systems capable of storieganoules of
energy has been tested and installed in various places. areagceiving
more importance with regard to future electrical power gyridDetails of
a 3MJ/750 kVA SMES system developed by the Korea Electrotelclyy
Research Institute (KERI) can be found in [29].

One of the peculiar properties of superconductivity is ttey find
applications in extremely weak and extremely high magrfégids. Su-
perconducting magnets provides high fields while supengctig thin
films are used for the detection of extremely weak fields. Thpe®
conducting Quantum Interference Device (SQUID) based enJdseph-
son effect is the most sensitive magnetometer. SQUID basdthology
is widely used for the non-invasive clinical measuremerita/@ak bio-
magnetic fields: especially in the mapping of extremely wesgnetic
signals from the human brain. In material science and physsearch
SQUID based magnetometers are being used for magneticctéidza-
tion of materials. The Magnetic Property Measurement 3ygtdPMS)
and Physical Property Measurement System (PPMS) are twekn@ivn
commercial instruments based on superconductor techyolog

Superconducting cables can replace the conventional day@inium
based cables in electric power transmissions. Cost of thersanducting
technology compared to the conventional is the main hurdldeé lim-
ited use of superconductors in this sector. Conductors na&sCCO-
2223 are being applied in variety of power transmission esind dis-
tribution cables [30]. The world’s first high temperaturgperconductor
power transmission cable system in a commercial power gatem was
energized recently in New York, USAAnother major application of su-
perconductors in electric power grid is for the control aflfacurrents in
electrical transmission and distribution networks, ase8apnducting Fault
Current Limiters (SFCL). Fault Current Limiters (FCL) nést the maxi-
mum current through a network and protect the devices froacaiental
over current. Several groups are actively involved in devielg SFCL for
industrial applications. A 1.2 MVA 10.5 KV Bi2212 LNcooled SFCL

1The 138 kV, ~ 609 m cable system is the longest superconducting
system in the world energized on 22 April 2008. Information fsom
www.amsc.com/pdf/HTSC_AN_0109_A4_FINAL.pdf

12
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has been developed and commissioned for protecting a hgdtde plant
auxiliary transformer circuit [page 547 of ref: 7].

Superconducting thin films are finding more applicationslécteonic
industry. Rapid Single Flux Quantum (RSFQ) is an emergiggalielec-
tronics technology that relies on quantum effects in sup®tacting ma-
terials to switch signals, instead of transistors. The guarnpulses are
switched by Josephson junctions. Superconducting conmp®rseich as
resonators, filters and delay lines with performance faegapto conven-
tional technology are being widely used in microwave etautrs. HTS
microwave technology is a promising one, especially atfesgies below
3Hz. Another important application of superconductors &gretic levi-
tation in transportation (eg: Maglev trains). For maglestsyns YBCO is
preferred, since it exhibits high magnetic irreversipifield at LN, tem-
peratures and has the ability to grow into large grains. Duhé expul-
sion of magnetic field in the superconducting state, a sopeiactor can
be used for magnetic shielding applications.

Among the various applications described above Mo8s the potential
of replacing existing superconductors in many fields witlpriaved per-
formance and/or low cost. The possible applications of Mg@&ductors
include magnets for MR, fusion reactors, high energy pkrtacceler-
ators, and for future high field magnets. Other possibleiegibns of
MgB. includes superconducting transformers, motors, gens;eg&MES
and particularly in SFCLs. Besides the conductor appbcetiMgB; thin
films/junctions can find a place in future electronics also.

1.5 Relevance of MgB

As discussed in the previous section superconductors hgwariant prac-
tical applications in many fields. The present and futurdiegions have
two potential market for superconducting wires: high fieldgnet appli-
cations (such as NMR, MRI magnets, magnets for particlelaters and
plasma confinement in fusion reactors) and electrical p@setor (appli-
cations such as transmission cables, SMES, transforméliss, Fmotors,
generators).

Though thousands of materials are found to be supercomguctly a
handful of them are useful for practical applications. ®bl3 compares
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14 1. Introduction to MgB superconductor

Table 1.3:Properties of MgB and other practical superconductors. Orded®f
values are at 4.2 K, in self-fieldHc, values are at 4.2 K. Data are taken from
[16, 31-38]

Material Tc Anisotropy Jc Heo £(0)  p(atTe)
(K) (Alem?) (T) (nm)  ufem
NbTi 9 Negligible 16 11-12 45 60
NbsSn 18 Negligible 16 25-29 3 5
NbzAl 20 Negligible 16 30-45 45 10-60
MgB, 39 1.5-5 16 30-40 512 04
FeAsbased 25-56 8-15 90 25-100 2-10  200-19
Bi2223 110 50-200 10 >100 1.5 40-60
YBCO 92 5-7 16 >100 1.5 150-800

some of these superconducting materials with MgBhe most widely
used commercial superconductors are NbTi angSyb two LTS mate-
rials. NbTi, having alc of 9 K andH¢, (4.2 K) ~ 10-12 T, has high
strength and ductility and is easy to fabricate into longewirNbTi occu-
pies most of the low field magnets in commercial MRI instruteeThe
high energy physics (HEP) community and the MRI industrytagemain
consumers of NbTi over the years. The use of NbTi is limitefiehls <
10 T and the operation of NbTi needs liquid helium tempegstuwhich
makes its use costly. NBn has & ¢ of ~ 18 K andH¢; (4.2 K) of more
than 20 T and is used in low temperature high field magnetsugtng of-
fers much higher fields and operating temperature comparBiTi, it is
brittle, quite sensitive to strains and difficult to fabtieaand hence more
costly than the NbTi. Both NbTi and NBn had undergone many years
of research and are commercially available. Another Al%enetNbAl
with much higher field capacity and strain tolerance thariNbgSn is con-
sidered for conductor development. b has aT¢ of 20 K andH¢; of
40 T at 4.2 K. However the manufacturing of M conductor with good
properties is extremely difficult and it will take few moreays to enter into
the commercial market. The nearly discovered FeAs basegrialatshow
superconductivity withl'c 26-55 K andH ¢, values 20-100 T, however the
preparation of quality wires/tapes based on these matadgatxtremely
difficult.

Most of the HTS materials havéc above 77 K and highefc, val-
ues than the LTS. But the HTS conductors faced many techpiohlems
in making wires and coils. Their conductor fabrication i Bo easy as
compared to the LTS materials and needs costly Ag as shea¢hiahand

14
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the field performance at higher temperatures is not proguisirhe most
important and commercially interesting HTS are BSCCO (B22and Bi-
2212) and YBCO (Y123). Bi-2223 haslg of 110 K, Bi-2212 has d ¢ of
~ 85 K, and theT¢ of YBCO is ~ 92 K. TheHc, of all the three HTS is
more than 100 T at 4.2 K. BSCCO conductors are fabricatedpmgaom-
etry using the Powder-In-Tube (PIT) method. Ag sheathed ®S€on-
ductors known as the first generation HTS conductors aregyligmimmer-
cially produced by a number of companies like American Scqraductors,
Sumitomo Electric Industries Ltd etc. Coated conductonmégue is most
suitable for YBCO. YBCO based coated conductor is consilasethe
second generation HTS conductors. HTS have high anisoangyhence
the current carrying capacity is low in untextured condrgt®ue to their
high anisotropy, for practical applications, for BSCCO axial and for
YBCO biaxial texturing is preferred. The HTS materials disoe weakly
connected grain boundaries so that the intergrain corvityds also a big
problem. For YBCO conductors grain orientation is also ingat.

MgB; has a higheff¢ of 39 K as compared to the conventional LTS
and is free from most of the limitations of HTS. Thus compgrimith
currently using LTS, NbTi and Nj$n, MgB, has the advantage of higher
Tc andHc,. Compared to most of the HTS MgBias aT¢ two to three
times lower. The main advantage of MgBompared to HTS is that in the
bulk polycrystalline form it exhibits a critical current igity three orders
of magnitude higher than polycrystalline HTS. MgBas weak link free
grain boundaries and the grain boundaries act as strongifiogs. Doped
MgB, wires have already reachétt, values as high as 33 T, higher than
that of NySn 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 Mg@h the
NbTi and NgSn. Primitive Powder-In-Tube conductors of Mguld
attain nearly 16 A/cm? critical current densities in self field at 4.2 K.
Experiments on thin films suggest more than 10 times highevalues
for wires or tapes with smaller grain size, full density, g®thaps with
suitable additives. MgBbased magnets are already tested for low field
applications and MgBseems to be the most promising material for next
generation high field magnets and a strong competitor fgEGKkand NbTi.

Good quality MgB conductors with high critical current density can be
prepared with heat treatment of PilT situ wires/tapes at 600-80TC for
5-30 minutes. This is really an advantage from an indugpoait of view
since many of the HTS and LTS need much higher temperatugdsran
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Figure 1.4:Comparison of H-T phase diagram of typical Mg&nd the LTS.

durations for manufacturing. The density of Mg 2.6 g/cni, much
lower than other superconductors and ordinary copper. mhises MgB
suitable for specific light-weight applications, such aacgpapplication.
Both Mg and B, the reactants of MgEnd the sheath materials used are
inexpensive. Thus MgBis economical for practical applications and the
cost/performance ratio for MgBs much lower than other superconductors
[40, 41].

MgB: is most suited for applications around 20-25 K were cryoeol
can be used for cooling. Several manufacturers have alfehdgated sta-
bilized MgB, conductors in kilometers of length both by situandin situ
method, for various applications (review articles [42344#jdustrial scale
production of MgB conductors has started by manufactures Hyper Tech
Research Inc., Columbus, Ohio and Columbus Supercondu&anova,
Italy. One of the major applications of MgBn the near future is for MRI
magnets. MRI instruments based on Mg&perating at 20-25 K using
cryogen free cryocoolers will be more economical than theventional
NbTi based MRI instruments. Laboratory scale as well as dstnation
level MgB, based MRI systems with high performance and low price are
developed in many countries [45]. Based on the use of MgBhductors
supplied from Columbus superconductors, ASG superconditigether
with Paramed Medical Systems recently constructed an ofgehsystem
[46].

MgB, has also applications as current leads and fault curreftelignn
specific areas. The first application of MgBonductors as current leads
was realized on the Japanese satellite ‘Suzaku’ which waeked in July
10, 2005 in Japan. Ultra thin MgBconductors with diameters down to
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50 um have been developed for the current lead and liquid hydréme|
sensor applications [47]. With operational advantagestatmediate tem-
perature (20-30 K) and low cost, Mgl very attractive as a cost effective
FCL. Work has been reported on the current limiting propsraf MgB,
wires at 50 Hz in the 20-30 K range [48, 49]. MgBased FCL can be
a strong competitor for the inductive FCL coils using HTS duwoctors.
MgB, based thin films and tunnel junctions are being fabricatet veia-
sonably good properties for applications in electroniasahed areas. For
RSFQ applications, a reliable MgBechnology could boost superconduct-
ing electronic applications. The two band gap nature of igén also be
exploited for novel applications [50].

In a nutshell MgB is quicker (formation), cheaper (cost/performance)
and better (for specific applications) compared to many ef ihactical
superconductors.

1.6 Properties of MgB, superconductor

Magnesium diboride (MgB is a binary intermetallic compound with a
simple hexagonal crystal structure (AlB/pe structure). It is a brownish-
black material, known since early 1950’s to the materialsrsze commu-
nity and is even commercially available. In 1953 Jones andsM{b1]
and Russelet al [52] reported the formation of MgBphase with the in-
teraction of Mg and amorphous B in hydrogen and/or argon spimeres.
For the Mg-B system, besides the MgBhase, many observed/proposed
formation of other magnesium boride phases such as/idBgBs, MgB-,
MgB12, MgBy etc [52-57]. Now, formation of the four phases MgB
MgB4, MgB7 and MgBy; are well established [55-57].

1.6.1 Crystal structure of MgB,

MgB, has hexagonal crystal structure (figure 1.5) with spacegpbimmm
[12], which is common among diborides. The boron atoms foraphite
like honeycomb network and the Mg atoms are located at thespufithese
hexagons. In the unit cell the atomic positions are (0,@OMg (Weizkoff
symbol 1a) and¥, 2, 1) and &, 1, 1) for B (Weizkoff symbol 2d) atoms
[58, 59]. The coordination polyhedra are;(B1gs) for Mg and (Mg;B3)
for B. The lattice parameters are a = 3.084 A and ¢ = 3.524 A laainter
atomic distances are: B-B intralayer 1.780 A, Mg-Mg inty@ia3.084 A,
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18 1. Introduction to MgB superconductor

€ Mg ,

®B

Figure 1.5:Crystal structure of MgB

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

1.6.2 Physical and superconducting properties of MgB

MgB: is a brittle material like the HTS materials. Typical polystalline
MgB, has a grain size of 10 nm-10m [60—64]. The anisotropy of MgB
is 1.5-5 [32—34] and is low compared to the highly anisottdiT S. This
low anisotropy means there is no need of texturing as in tee cAHTS
for making wires with highlcs. The coherence length of Mgs ~ 5-12
nm and the penetration depth is 100-140 nm with a GL factor of R6
[35] at absolute zero. Due to the large coherence lengtlehithan the
inter atomic spacing, the weak link problem is not severe gBM MgB
has two superconducting gaps in the superconducting ftate,5-7 meV
andAs ~1.5-2.0 meV [65, 66].

MgB; has a very sharpc around 39 K [12, 66] and has a very narrow
transition width of less than 1 K. ThE: of MgB; is nearly double that of
NbzSn and nearly four times that of NbTi but still much lower thhe lig-
uid nitrogen temperature. The isotopié®Bubstitution slightly increases
theT¢ to 40.25 K [67]. The research for enhancing Theby substitutions
of aliovalent and isovalent atoms with different radii hagiven satisfac-
tory results as expected. Most of the substitutions regift@ decrease of
Tc. The substitution of Al to the Mg site and C to the B site redltiee
Tc and the superconductivity is lost for higher doping [68~70je substi-
tution of Al caused a structural transition at higher le\y6B]. The normal
state of MgB is metallic and the normal state resistivity is much lower
than that of other superconductors. For clean MgBmples a very low
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normal state resistivity(T¢) of 0.4 uQ2cm and a high Residual Resistivity
Ratio (RRR) of~ 20 are observed [71].

MgBs; is a type Il superconductor and is well within the clean liofit
superconductivity. The depairing current densityi40” A/cm? [72], one
order of magnitude lower than that of the HTS materials. Thseoved
transport critical current densities are of the order df Alcm? at 4.2 K
in self field, ~3.8 x 10* A/lcm? in 6 T and 18 A/cm? in 8 T [73]. The
transportlc is of the order of 10 A/cm? at 30 K in 1 T field [74]. For Cu
stabilized multifilamentary conductors a transplyybf 1.75x 10° A/cm?
was measured at 5 T, 4.2 K [75]. The intergranularof MgB, is also
high compared to HTS materials. Pure Mgfias low lower critical field
Hc1(0) of less than 50 mT [76, 77], upper critical fieldl, of 15-20 T
and irreversibility field 6-12 T [35, 71, 76, 78] at 4.2 K. Dapeonductors
have highH¢c, and the maximunii, observed for SiC added MgBvires
is 33 T, much higher than that of the p&n [79].

1.6.3 Advantages of two gap superconductivity

MgBs is the first superconductor which showed two distinct engayps in
the superconducting state. The two energy bands arise frem(formed
from thesp? hybrids of boror2s andp,, ,, orbitals) andr (originated from
the boronp., orbital) bands. For a detailed description of the originwf s
perconductivity and the energy bands please see the reviaie d80].
From an application point of view the two gap nature is sigaifit and a
detailed discussion on this is presented in [81]. For thglsiband LTS in-
crease irHc,(0) is expected by the introduction of charge-carrier scarty
impurities into the lattice structure. The charge scattgdauses decrease
in coherence length and increase in the, values. This rule is used for
the design and manufacturing of LTS materials over the y&eig a two
band superconductor, MgBhas three scattering channels with different
scattering rates: the intra-band scattering withindtend~ bands and the
inter-band scattering between th@nds bands. Tuning of these inter and
intra band scattering rates make it possible to achieve Highvalues in
MgB2, much beyond to the reach of NbTi and #8m. Some best MgB
polycrystals have showHc, of 40-50 T and highedtic; of ~ 74 T was
reported for a thin film [82].
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20 1. Introduction to MgB superconductor

1.7 Critical Issues (major challenges) of MgB

For commercial applications of MgBmultifilamentary conductors with
large number of fine filaments having higtx, andJc(T, H) values must
be produced in long lengths at a low cost. The fabricatioronfjllength

MgB, wires is relatively easy and more economical. However tlaeee
many critical issues, which are to be addressed serioukbsdinclude the
fabrication of good quality long length conductors or caldé¢ a reduced
cost and the improvement in the performance of the condsictor

1.7.1 Issues regarding fabrication

Phase purity and homogeneity of the superconductor arertargdactors,
which need some attention in the fabrication of long lengihductors.
Since Mg is highly volatile and has strong affinity to oxygarthein situ
fabrication, Mg loss and MgO formation are the main causeshe in-
homogeneities and impurities. Mg loss can cause non-$tongtry and
the formation of higher borides (like MgBor MgBy;) as impurites. For-
mation of MgO and other impurities limits the active curreatrying area
and weaken the grain connectivity and hence reduces theaticurrent
density [12, 83, 84]. Many prefer synthesis in excess Mgrenvhent and
inert/'vacuum atmosphere to compensate the Mg loss andtmxida

The wide difference in melting points of Mg (65C) and B (2080°C)
doesn't favor solid-solid or liquid-liquid reactions. Thenterability of
MgB, grains are poor also. The situ samples formed by the liquid-solid
reaction of Mg and B are highly porous and have low densitymamed to
the theoretical density of MgB This is mainly due to the voids remain-
ing from the prior Mg particles during the MgBormation (Myg + V2g >
Vwmgg,) [84]. The high porosity also limits the grain connectivétiyd hence
the intergrain current transport [84]. More research andteehniques are
needed to decrease the porosity and to increase the defitysamples.

Another problem with the fabrication is the reactivity of Mgth most
of the commonly used sheath materials. The reacted segoptases at
the sheath core interface act as barrier for the currensfearirom the
outer sheath to the superconducting core and also restietocal heat
developed to flow out to the sheath, during a possible quagctBarrier
materials such as Nb or Ta can reduce the reaction betweeroteeand
sheath, but both Nb and Ta are expensive. Another major adbsfar
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practical MgB conductors is the insufficient thermal stabilization, iegd

to quenching of the conductor in high currents. Conductivgy@es better
thermal stabilization for LTS materials and Ag for Bi basemhductors.

For MgB; also Cu sheath with Nb or Ta barrier and SS or Fe reinforcement
can have good thermal stabilization and mechanical stnengt

1.7.2 Issues regarding property improvement

Though MgB has high self fieldlc comparable to NbTi and NBn at
low temperatures, théc falls rapidly with field and temperature, due to
poor vortex pinning, and low irreversibility field. Since HEghas a rigid
lattice with two simple elements in the structure, the dgnsf defects
produced during synthesis is too low to provide sufficient fiinning at
higher fields. Only grain boundaries are effective pinniegters in pure
MgB., thus MgB, samples with fine grains are needed for better proper-
ties. The irreversibility field of MgB is only half of its upper critical field
(Hirr ~ 0.5 x Hcy), whereas for NbTi and N§sn the irreversibility field

is close to their respective upper critical fields${ ~ 0.8 x Hcy). The
low irreversibility field and poor flux pinning cause rapidcdease inJc

at high fields. This limits the temperature and field range rehdgB,
could be superior to N§sn to above 10 K and 2-3 T. In order to compete
with the NigSn for liquid helium temperature applications, thgH) of
MgB, must be improved. This can be achieved by improving the flax pi
ning at high fields, increasing th#;, and decreasing the electromagnetic
anisotropy etc [84—86].

1.8 Synthesis of MgB superconductor

During the last 8-9 years, various fabrication/preparatiethods are used
to synthesis MgBbased superconductors in bulk, powder, thin film, wire,
tape as well as single crystal forms. Since the present wankses on
bulk and wires/tapes the details of which only are discusb&gB, based
superconductors are prepared either by sintering of coriatigravailable
MgB, powder or from elemental Mg and B powders. Preparation of MgB
based superconductors using commercial/as-prepared,iMgBown as
ex situwhile from Mg and B powders/sources is knowniasitu method.
Both ex situandin situ have their merits and demerits.
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22 1. Introduction to MgB superconductor

In the ex situmethod the commercial MgBpowder is pelletized and
heat treated at elevated temperatures of 800-220fr 1-5 hours in vac-
uum or inert atmosphere. The final propertiesxs§itusamples depends on
the quality of commercially available powder. TeesituMgB, has better
homogeneity and higher density than thesitu one. However for better
superconducting properties thg situsamples need much higher sintering
temperatures and the doping of other elements is restitct@gared to the
in situ samples. Thén situ method produces MgBwith low density, but
has the advantage of easy tailoring by chemical additiguifdpfor better
superconducting properties.

1.8.1 Bulk samples

Several synthesis procedures are reported for the prépamitin situ
MgB. bulks with relatively low temperature and short duratiofideat
treatments [87—94]. The starting materials are Mg in poyfidées/chips
and amorphous/crystalline B in powder forms. Some groupsMgH,
powder as Mg source [87, 88]. For timesitu preparation the starting mate-
rials (either pellet or powder mixture) are enclosed in NIFE/SS/Quartz
tubes/foils/ampoules and heat treated at 650-100@r 30 min-5 hours
in vacuum or hydrogen/argon atmospheres. Consideringdldetion and
vapor loss of Mg many prefer excess Mg environments alsdallei sin-
tering aids or mechanical alloying/ high energy milling &mend to en-
hance the formation of MgBphase at relatively lower temperatures with
improved superconducting properties [89-92].

High energy ball milling allows reduction of particle sizecamore ho-
mogeneous mixing of the ingredients. Many groups now usdélchnique
for the preparation of doped and undoped Md®ilk samples, with fine
grains and hence better superconducting properties. @amgon from
the bowl, ball and milling media and particle agglomeratiova two main
hurdles of this method, and the performance of mechaniedlibyed or
high energy ball milled samples depends on various fadkesature and
size of the ball and bowl, ball to powder ratio, speed andimgjlturation
and the milling medium [91, 92].

Most of thein situ samples prepared by these methods have high poros-
ity and very low density (only 50% of theoretical density immny cases).
Methods like high pressure sintering (HPS) [76, 95, 96],i$mdtatic press-
ing (HIP) [97, 98] and double step sintering (2-stage sintgr[99, 100]

22



1. Introduction to MgB superconductor 23

are used to get highly dense MgBulk samples. Both high pressure sin-
tering and hot isostatic pressing use high pressure forehsification and
reduction of porosity. In these methods the precursor ifestdd to high
pressures of 0.5-5 GPa during the high temperature heanieaaat 700-
1000°C. The reported properties after HPS or HIP synthesis shomeso
scatter with respect to the pressing system. The main aalyardf this
technique is the possibility of producing extremely highske MgB sam-
ples: even density close to 100% were prepared fagasitusample by
this method. The main disadvantage is the sophisticatedcastlly in-
struments, which also limit the sample dimensions usedHermtethod.
Though the method is most suitable for bulk samples, somapgrased it
for small length wire/tapes with limited success. The rieadiquid Mg in-
filtration technique introduced by EDISON SpA (Italy) camguce bulk
MgB, samples of different shape with higher densities. The ntkthe
volves the reaction of liquid Mg with the B powders in a closedtallic
container [101].

1.8.2 Wire and Tape samples

Over 50 years of conductor fabrication in LTS and 20 yearsxpEdence
in HTS, helped researchers, to fabricate Mg®nductors of long length
soon after the announcement of superconductivity in then@t Some of
the fabrication techniques used for LTS and HTS can be appiéigB,
also. Diffusion of Mg into B fibers or wires, coating technéigand Powder-
In-Tube (PIT) method are employed for the fabrication of Mdtased
conductors. Of these, PIT is the most popular and indultimeferred
method.

Diffusion method

Mg diffusion into B wires is a relatively easy method by whiobmmer-
cially available B fibers or wires can be converted into sopeducting
MgB, wires. The first superconducting MgBvires were prepared by this
method [71]. Cunningharet al[102] also prepared MgBwires by diffus-
ing Mg into tungsten cored B fibers. By infiltrating a preforiBofibers
with liquid Mg and subsequent reaction at elevated tempegatDeFouw
et al [103] fabricated composite MgBwires of several hundred continu-
ous fibers within an Mg matrix. The phase homogeneity of thelootors
produced by diffusion is poor and the method is suitable iorssamples
and the feasibility of making long length conductors needsa studied.
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Coating techniques

Coated conductor technique is a well known process, widsdydor the
fabrication of commercially available YBCO conductors.r FgB; high
Hc2 andJc values in applied fields are observed in thin films [12, 104]
and so coated conductor technique is being tried in some Kabsomori

et al [105] used sputtering technique to make Mgiated conductor in
hastelloy substrate with Yitria Stabilized Zirconia (YS&3 buffer layer.
The carbon alloyed MgBcoated conductor fabricated by Hybrid-Physical-
Chemical Vapour Deposition (HPCVD) on SiC fibers with turegstore

by Ferrandcet al showed a highHc, of 55 T and high irreversibility field

of 40 T at 1.5 K [39]. Using a new processing technique calted\Molten
Salts Electro Plating (MSEP) MgBcan be coated to stainless steel (SS)
[106] substrate which gives higher chemical stabilityhaigplasticity and
higher heat conductance than the widely used ceramic sistr Even
though the superconducting properties of coated conduiet@ normally
superior to conductors fabricated by other techniquess¢hing up of this
technique is not straight forward compared to the widel\dd®d process.

Powder-in-tube (PIT) method

Powder-in-tube method is the most popular method for aahgegood

quality wires of HTS BIi-2212 and Bi-2223. In PIT the precurpowder

is filled in various metal tubes or sheaths [43, 44, 47, 60-1Q3]. The

filling can be in air [107] or in an inert atmosphere [108]. $adubes
are then mechanically rolled/extruded/drawn into desgieéd and shape
followed by heat treatment. Heat treatment is usually doneacuum or

oxygen protective atmosphere. Intermediate annealingesethe stress
developed during drawing or rolling. In the case of MgBe metallic

sheath chosen must be chemically compatible with the MRl should

not degrade the superconductivity.

PIT techniques can be used for fabricating multiflamentzopduc-
tors, which withstand larger uniaxial and bend strains giagle filaments
and exhibit a higher thermal stability. Hyper Tech Resea®Veloped a
modified PIT process for low cost continuous production ofBylgvires
[42, 43]. In the method, known as continuous tube formidgi§l(CTFF)
process, the precursor powder is dispersed on to a strip t#l g it is
being continuously formed into a tube. The filled overlapsel tube is
then inserted into hard metallic tubes as in PIT and dranmtim desired
dimensions, followed by appropriate heat treatments.
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PIT method is the most preferred for manufacturing long tlemgulti-
filamentary MgB conductors. Long length conductors in wire geometries
(circular, square or rectangular cross sections), witm@ats upto 61 have
been fabricated. Some solenoid and racetrack coils aralalwonstrated
using PIT MgB conductors. Hyper Tech Research Inc. and Columbus
Superconductors are producing multifilamentary staldligkyB, conduc-
tors with different geometries and sheath combinationse dritical cur-
rent density for good quality wires/tapes i1cm? at self-field and 160
A/lcm? at 10 T, both at 4.2 K. At 20 K and self field the typical samples
have alc of 10° A/lcm? [42-44].

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

In the mixed state (vortex state) a superconductor is filléd gquantized
vortices (fluxons). In isotropic superconductors such a$ildbd NkxSn
the vortex lines are continuous and no decoupling occurst iBHTS
compounds at high temperatures and fields the 3D vortex tiredts into
2D pancake vortices [114] which are weakly coupled, whoseutating
screening currents are mostly confined within the supenecinty CuQ
planes. In the case of MgRBhe vortices are line like similar to that of LTS
and there is no such decoupling of the vortex lines. As dssti®arlier,
in applied fields the fluxons tend to move during transportenirflow
through the superconductor. The movement of fluxons causkastic
decrease in théc in applied fields. In order to sustain higl values in
applied fields, the movement of fluxons must be stopped. éfldlx lines
must be pinned.

Pinning centers in conventional methods of fabricatioroaf T¢ super-
conductors are developed by modifying the thermomechbpiocaessing.
Finely dispersed nanosized nonsuperconductiiy phase precipitated
during heat treatment is strong flux pinners in NbTi [115,]1For effec-
tive pinning the typical thickness of the Ti phase must be 1-4 nm with a
separation of 5-20 nm. In the case of4$im, grain boundaries are the dom-
inant pinning centers [117]. Th&: of NbsSn is observed to be inversely
proportional to the grain size [117] at low fields. Synthesislb;Sn at low
temperatures helps the formation of 8m phase with fine grain sizes, in-
creases number of grain boundaries dgdt high fields. In HTS materials
grain boundaries, growth dislocations, crystal strudtnoam uniformities,
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26 1. Introduction to MgB superconductor

impurity phases, precipitates, oxygen vacancies and ati@ostructural
defects can act as effective pinning centers [118-120]. ifitneduction
of secondary phases or normal impurities to the supercdimgumatrix
improves the flux pinning property of HTS materials [121].

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

Irradiation of high energy radiation introduces artifictldfects (point
or extended) in a crystal. In the case of Mg&iperconductor this type
of intentionally introduced defects can act as strong flusnpis and also
scattering centers: both improve the in-fidig as well as theHc,. Bu-
goslaviskyet al [127] improved the high fieldc of MgB, by producing
atomic scale defects by proton irradiation. Similar reswolt highly en-
hancedJc and Hc, were observed for neutron irradiated samples [128,
129]. Though thelc andHc; increases, the irradiation technique is not
easily scalable for large scale production of long lengthdumtors. So
far chemical addition/doping is most suited and preferrethod for the
introduction of pinning centers in practical supercondust

Chemical addition/doping for improving Jc(H) and Hc;

Chemical addition/doping, like in other practical superoctors is an ef-
fective and easy method for modifying the properties of MgBoping
may change the reaction kinetics, grain growth and hencentbestruc-
ture. Doping can cause crystalline and microstructurahgka, create lat-
tice defects/disorders and cause formation of non supdumtimg precip-
itates or inclusions in the superconductor matrix. All thdgfects can act
as flux pinning centers and can increaseHifgg andH;, values and hence
enhance the in-fieldc of MgB,. A large number of additives/dopants
have been introduced into MgRimed for the improvement of its super-
conducting properties. Some of them have negative effedide most
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have positive effect and a few significantly improved theesapnducting
properties in MgB. Though it is not possible to describe all of them, an
overview and summary of the effects of chemical additiopidg in MgB,

is given here.

Various nano/submicron sized particles and materialsnigagiuite dif-
ferent physical and chemical properties where introductxMgB,. These
dopants include metallic elements, carbon (in various fdike nanopow-
ders, nonotubes, graphite and diamond), carbides, sliclabrides, oxides
and some hydrocarbons have been introduced into MgBe the exten-
sive reviews [84, 85, 130-134] and references therein). s@ ltopants
improved the flux pinning andc(H) of MgB to different extents. The fi-
nal properties of doped MgRlepend on the chemical nature of the dopant
and its distribution in the superconductor matrix. Gergredrbon based
dopants like nano C, SiC,/& and some hydrocarbons etc give befter
andHc, in MgB;, and nano SiC gives the best perforamnce among the
dopants [84, 85, 130-134]. Table 1.4 shows some of the tyjp@spants
introduced on MgB.

Table 1.4:Different types of additives/dopants added to MgBata 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 SisNg nano C SiC Sugar

Zr SiO, WB diamond TiC Paraffin

Ag TiO, ZrBy graphite wcC Malic acid

Al Al 03 NbB, C nanotubes Bc Maleic anhydride

Fe FeOs3 TiB» Silicon oil NbC Toluene

Cu Cq0q4 CaBs CaCOs Mo,C Ethanol

Mo Y203 WSi, NapCO3 Acetone

Co Ho O3 ZrSip Tartaric acid

Ni Dy,03 Mg2Si Ethyltoluene

La PO11 ZrH,

Of the several metallic and non-metallic elements added\tgB, only
C and Al entered into the lattice site: C substitutes at thet&and Al
substitutes at the Mg sites. C substitution at B site altéred andr scat-
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28 1. Introduction to MgB superconductor

tering channels and strongly enhanced tthe andJc(H) of MgB,. The
metals Ti and Zr are reported to have some positive effechedd(H) of
MgB. [135, 136]. Ti is found to be a good grain refiner in MgBvhich
absorbs the impurities (mainly oxides at grain bounda@es) hence im-
prove the grain connectivity [137]. Similar results of graefining have
been observed with the dopants Zr, Ta and £g#5]. Materials like Mn
and Fe are reported to substitute at Mg site, but only at wencbncentra-
tions. Being a magnetic material Fe doped as nano Fe redbedd(H)
of MgB; significantly [138]. While most of the other metals (Cu, Ag,,Au
Ni ...) reacted with Mg/B to form intermetallics. These sedary phases
reduces the grain connectivity and superconducting volugee many of
these metallic dopants reduced th€H) than enhancing [60].

As stated earlier C successfully enters into the B site andifiee the
electronic and superconducting properties of MgBhe substitution of C
supplies one additional electron to the B plane, mean whiéetd the small
covalent radii of C compared to B, the substitution localtakts the lat-
tice. This reduces th&c: with C substitution while enhances the scattering
significantly. In MgB the H¢; is strongly affected by the scattering and
hence C substitution causes tHe, to increase significantly. The lattice
strains and distortions due to substitution can act as gaggbfhning cen-
ters. Both these improve thk(H) in C substituted MgB significantly.
Today a tyical C substituted MgRape has dc value > of 16 A/cm? at
field 10-12 T and 4.2 K [139, 140], more than one order highantthat
of undoped sample. C alloyed Mglbre showed a highlic, of ~ 55 T at
1.5 K [39] and~ 70 T is predicted for C doped thin films [82].

A significant breakthrough happened when Deiual reported strong
improvement in théc(H) by nano SiC addition [141-143]. Nano SiC im-
proves thelc(H) andHc, of MgB; significantly, at all the temperatures,
without decreasing th&: much. Now nano SiC is the best dopant for
MgB, superconductor which gives consistently high in-figdgH) 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
Kand8T,42at20Kand5T,and 14 at30 Kand 2 T. At20 Kand 2 T,
the J¢ for the doped sample is 2.43 10° A/lcm?, which is comparable to

Jc values for the best Ag/Bi-2223 tapes. A typical nano SiC dodegB,
conductor has dc value higher than T0A/cn? at 4.2 K andHc, values

of > 33 T are reported for nano SiC doped wires [79]. Matsunettal
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[144] reported aHc,(0) value exceeding 40 T for SiC doped MgBulk
samples, sintered at a temperature as low as600

Compared with elemental C addition nano SiC needs only arlogre
action temperature for better C substitution. The dopedhsesrhave im-
provedJc(H) values both at low temperatures and high temperaturds, wit
out much reduction im¢. Even for the 30 wt% of SiC additiof¢ of
MgB is lowered by only 2.6 K [142], for C doping thEc falls sharply
with C content. The enhancement &f(H) in MgB, by SiC addition is
explained by the dual reaction model [131, 132]. SiC deca@ap@nd re-
acts with Mg (forms MgSi) for temperatures as low as 650 and release
fresh C which subsequently substitutes at B site. The C sutish at B
site enhances the scattering and henceHhg The SiC addition results
in a large number of nanometer sized (5-30 nm) dislocatioitisirwthe
MgB, grains [141, 142] and these dislocations can strongly pénfliinx
lines. When SiC reacts with liquid Mg and amorphous B at thetiea
temperature, the nanoparticles of SiC will act as nucleasites to form
MgB,. The other nonsuperconducting reacted phases such £8i MR,
SixBy O, along with unreacted SiC will be incorporated within theigsaas
inclusions [64, 141, 142]. These highly dispersed reastioiiced prod-
ucts also contribute to the flux pinning [141, 142]. Thus theriovement
of both He, and flux pinning occurs as a result of SiC addition, which
consequently enhances the in-fidiglsignificantly.

Realizing the strong positive influence of C on MgRany groups tried
various forms of C based dopants. These include nano cadawhon
nanotubes (monowalled, double walled and multi walledgpbite and di-
amond. All these types resulted strong improvement irHggandJ¢ of
MgB.. In many of these dopants including nano C powder, a highégsi
ing temperature (900-100Q) favors better C incorporation into the lattice
and better superconducting properties. One main limitatioC substitu-
tion is the reduction offc and hence a strong improvementXf(H) is
obtained only in low temperatures (< 10 K). For higher terapges (> 25
K) the enhancement is not very significant. Using nano C povgilaphite
or diamond as a C source, the substitution of C for B cannoth&eed
at the same temperature as that of the M@ mation (around 650C).
Higher sintering temperatures (900-1000) favor better C substitution,
but does not favor fine grains (weakens grain boundary pijrand can
cause more MgO formation. Nanosize precursor particleegpensive
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30 1. Introduction to MgB superconductor

and there are always agglomerations of the nano additivath tBese dif-
ficulties are reduced using hydrocarbons as the C source.

Now a lot of hydrocarbons including sugar, acetone, benzasa=ffin,
toluene, ethanol, sterates, maleic acid etc are tried ing8JMvith good
results [84, 85, 130-133]. The main advantages of carbalgslare their
easy availability and low cost compared to the nano additiféey can be
coated on the B powder surfaces with suitable solvent, gibtter mixing
with reduced agglomeration [145]. Even at lower tempeestuwarbohy-
drates melt and release fresh and highly reactive C for thgtiution. The
main drawback of carbohydrate addition is that most of thentain oxy-
gen, which can easily react with Mg to form MgO which can ddgrthe
grain connectivity and hence the critical current density.

Some silicides (ZrSi WSk, Mg, Si), hydrides (ZrH), and borides (TiB,
NbB,, ZrB,, WB) are also tried with moderate improvements in flux pin-
ning and critical current density values [84, 85, 130—133jese dopants
are not incorporated into MgHattice. Si and silicides directly react with
Mg. The reaction induced impurities as well as the addedgbestacts as
flux pinning centers. A slight amount MgO in the MgBrains is found to
improve the flux pinning properties. Addition of metal oxédée Al,O3,
Fe,03, Co304, Zr0O,, TiO, and SiQ are found to increase the MgO for-
mation. However on the extend dg(H) improvement by these metal
oxide additions, different works disagree with each otl8yme reported
decremental effect odc(H) by these oxides, while some reported some
marginal benefits. The incorporation of nano rare earth @&jes such
as Y,03, Ho,03, Dy,03 and PgO;; improved the flux pinning in MgB
[146-149]. In all these RE oxide additions the RE reacteti Bito form
their respective borides (Y/8HoB,, DyB4 and PrB). For the Y,0O3; doped
samplelc of ~ 2 x 10° Alcm? (at 2 T) andH;, of 11.5 T are reported at
4.2 K and for HoO3 additionJc of ~ 1.2 x 10° are observed at 5 T, 5 K
[146, 147].

Based on the performance &(H) due to addition/doping, Doat al
[130-132] classified the additives/dopants in MgBto four categories
(groups). Table 1.5 summarizes the different categoriedopfints and
their effects on MgB. The first group includes dopants like nano-SiC and
carbohydrates which can have both reaction with Mg/B andiStiution.
The second group includes materials such as nano-C, CNT g&bavBich
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Table 1.5:Classification of different categories of additives added to MgB

Group Description Typical Improvement  Main reason for
additive ofJc(H) affectingJc(H)
1 C substitutionand re- nano  SiC, Significant C substitutich and
action with Mg/B carbohy- pinning by the reaction
drates induced impurities.

2 C substitution, butno nano C, CNT  Significant C substitutién.
reaction with Mg/B

3 Reaction with Mg/B, Silicides, Si, Moderate Pinning by reaction in-
but no C substitution RE oxides duced impurities.

4 No C substitution BN, MgO Slight im- Degrading grain con-
and no reaction with provement or nectivity.
Mg/B decrement

2 C substitution at the same temperature of Md&mation.
b P - ’
C substitution at higher temperature of Mg®rmation.

can have C substitution without any reaction. The third groxcludes
materials such as Si, Zr, Ti, RE oxides and silicides whiah resact with
Mg/B without any C substitution, and the fourth group in@sdnaterials
such as BN and MgO which do not have any reaction with Mg/B myr a
C substitution. From the first group to the fourth group theasrtement
of Jc(H) decreases gradually.

1.10 Objective of the present work

The brief overview presented above highlighted the impmgaof MgB,
superconductor for practical applications. In order toleitpts full po-
tential as a conductor it is essential to prepare long maltiéntary con-
ductors in the form of wires, tapes or cables with good meicladmand
superconducting properties. The research work presenti ithesis ad-
dresses some of the important issues on development of, MgBluctors
for practical applications. The specific aims of the thess a

1. Development of good quality MgBased superconductors in bulk,
wire and tape geometries by simple and cost effective msthod

2. Improvement of the in-field critical current density oigtine MgB;,
superconductor by chemical addition.

Powder-In-Tube technique is found to be the most suitabkfoaefor
the preparation of long length multiflamentary Mg&onductors. Several
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aspects such as the feasibility of mechanical working @bing, drawing
etc) and chemical compatibility with Mg and B must be studimdselect-
ing suitable sheath/barrier materials. The quality of thalfconductor is
influenced by factors like initial packing density, heattraent tempera-
ture and duration, number of filaments, core to sheath aced-et better
superconducting properties these factors must be optimiE®r practi-
cal applications, superconductors with high in-field caticurrent density
[Jc(H)] are required. MgB has a high self-fieldc, however, thelc falls
sharply in applied magnetic fields due to weak flux pinninggn8icant
research is being continued for the improvement of flux pigrand hence
Jc(H), Hir andHc in MgB,. Chemical addition/doping is an effective
method for introducing flux pinning centers in a supercomnaiuc

In situ PIT technique is used in the present work for preparing MgB
conductors. A systematic study on the chemical reactifitsadous sheath
materials with Mg/B is conducted for selecting the suitabkgerial. After
detailed investigations a systematic synthesis proceidudeveloped for
the preparation of MgB conductors using Fe as sheath, Cu as thermal
stabilizer and Ni as outer sheath material. A novel, eneffigient and
simple electrical self heating method is also developedherpreparation
of sheathed MgBconductors.

For improving the in-fieldlc(H) of MgB, chemical addition with addi-
tives of different chemical and physical nature is carriatl & rare earth
oxide, Th Oy is added into MgB first. ThyO; addition improved thdc(H)
in MgB,, but the improvement was not drastic. Strong improvemetiten
Jc(H) of MgB;, is reported for Carbon based nano materials. Especially,
nano-SiC is reported to be one of the most effective additivenhancing
the Jc(H) of MgB,, by many groups. Based on the strong positive result
of nano-SiC and other C based additives/dopants, studéeesaducted
on introduction of carbon containing additives/dopants ¥gB,. In the
present work a novel, inexpensive additive for C sourcenédirice husk,
is explored and excellent results are obtained. Combinddiaul of two
materials with different chemical and physical properties also investi-
gated for further increasing ttig(H).
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Chapter 2

Materials and methods

This chapter describes the general preparation and ckaraation tech-
nigues used in the study. Some of the descriptions are hmikfnall be
expanded upon in the relevant chapters of the thesis.

2.1 Preparation techniques

In this study, MgB superconductor was prepared in bulk and wire/tape
geometries. Wires/tapes are prepared and studied in mahematii fil-
amentary configurationsin situ preparation method was used for both
the bulk and wires/tapes. Powders of Mg from GoodFellow8%9.and
amorphous B from Merck (99%) are used for the preparatioreriols
metal/alloy tubes like Fe, Ni, Cu, SS, Monel also used fopttesent study.

2.1.1 Bulk MgB; preparation

MgB. bulk superconductors were prepared by a Powder-In-S&albd-
(PIST) method. Mg and amorphous B powders were stoichiocadlir
mixed, mechanically compacted in stainless steel (SS){udeds sealed
and heat treated in air at 650-90CQ for different durations. After heat
treatment the MgB bulk was recovered by mechanically removing the
outer SS tube. Typical dimensions of PIST samples is 3xcth cm x

0.5 cm.
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2.1.2 MgB, wire and tape preparation

MgB, wires and tapes were prepared by Powder-In-Tube (PIT) rdetho
The processing steps are discussed in detail in chapter #méofila-
mentary wire preparation, homogeneously mixed Mg and B gosvdiere
filled in Fe tubes of suitable dimensions and mechanicalipnmacted.
These powder filled tubes were then groove rolled to desim@emsion.
For mono filamentary tapes, the groove rolled wires were tla¢rolled to
the required dimensions. Photographs of groove and flahgathachines
used for the wire and tape rolling are shown in figure 2.1.

| Flat roller
" ! 4 (Tape rolling)
Groove roller | Il
(Wire rolling)
110
}t

Figure 2.1:Photograph of rolling machines.

For multiflamentary conductors, as rolled mono wires weue ioto
small pieces and bundled together with Cu rods (stabiliaad filled in
suitable Ni tubes. These composites were then groove rfatechultifil-
amentary wires, followed by flat rolling for multiflamenyatapes. After
rolling the ends of the wires/tapes were sealed by arc weglalivd then heat
treated at 650-750C in air. A wet cloth was wound around the specimens
during welding to avoid heating up of the samples. Shorttlemgre sam-
ples for various characterizations were then selected bgeply cutting
out the reaction mixture area of the wire. The maximum lergtimulti-
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filamentary wire prepared so far is about 5 m and the maximumbeu of
filaments in multifilamentary wires is 10. Typical stabilizeape has the
dimensions ofv 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 thegghiaentifica-
tion of crystalline materials. XRD data can be used for a sgmaintitative
phase analysis. Besides the phase analysis XRD data gees indorma-
tion regarding the crystal lattice parameters, strainngee etc.

In the present study powder XRD patterns of samples werentake
ing a Philips X'pert Pro (Model No: PW 3040/60) X-ray difftaecneter
with Cu K, radiation employing X'Celerator and a monochromator at the
diffracted beam side. The system l#as26 Bragg-Bentano geometry with
fully automated operation and data acquisition. Phasdifttion of the
samples was performed using X'Pert Highscore software sugbport of
the ICDD-PDF-2 database. The samples, either bulk or covdreftape
were ground thoroughly to fine powder. The powder sampleg Viked
in standard holders and the XRD data were recorded at rooeteture.
For less amount of powder (especially from small wiresk@estandard
zero back ground holder is used. Appropriate slits were tsedstrict
the X-ray beam to the sample area. General scans were pedarnder
40 KV and 30 mA tube Voltage and Current values. Usually the@es
were scanned for 21-8%20 values with a step size of < 0.02The average
scan takes about 20 minutes, while some slow scans were effsomped
in special cases.

The XRD data were analyzed for phase identification andagarame-
ter calculations. The volume percentages of different phasthe samples
were assessed semi-quantitatively, from the integrateayXpeak intensi-
ties, using the relation

> Integrated peak intensities of phase X

\Vol.% of phase X = . —
°orp Y Integrated peak intensities of all phases
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The d-values of selected peaks of MgRvere used for its lattice pa-
rameter calculations. Lattice parameters were calcufatetie hexagonal
crystal structure of space gropp/mmm using the relation

1 4(h* 4 hk + k%) +ﬁ
2 3a? c?

The FWHM (full width at half maximum) of a XRD peak depends
on factors like crystalline size, lattice strain and instantal parameter
etc. The FWHM of selected peaks of MgRBvere 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 falyaring the
cross sectional features of the wires/tapes. The cros®sakanalysis
gives informations on the geometry, size, orientationfarmity of the fil-
aments and the interfaces between core/sheaths for théilamkentary
conductors. For the optical microscopy, samples of smad §1-2 cm)
were cut from long conductors, polished mechanically arated under
the microscope in suitable holders. An OLYMPUS SZ-PT modielroa
scope is used for the study and the samples were examined madai-
fication upto 30 X. Optical microscopy measurements, takigm tive help
of a scale built into the eyepiece, were used for the exaichagon of core
and sheath cross sectional areas of mono/multiflamentagsitapes for
determining thelc. 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 largetiegf focus
Scanning Electron Microscopy (SEM) gives a detailed infation of the
microstructure of the sample. The SEM scan the sample wgh Bn-
ergy electron beam in a raster scan pattern. The scan prodifterent
signals including secondary electrons, back scatteredretes, character-
istic X-rays, auger electrons etc, which contain the mittasural infor-
mation of the sample. In the present study a JEOL JSM 5600ktesy
equipped with an x-ray energy dispersive spectrometer JES used for
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secondary electron imaging (SEI) microstructural analySypical magni-
fication used was 5000 X or 10000 X, while other magnificatiaresalso
used for special cases. In most cases fractured surfacesused, while
polished surfaces were also used for some samples espéaiallire/tape
cross sectional analysis. The samples were mounted on &bmastausing
adhesive carbon tapes and loaded into the instrument. Niacgaking was
used for the superconducting MgBamples.

Transmission Electron Microscopy

Compared with SEM, TEM has a higher magnification and reswiutl-

lowing a more detailed microstructural examination. TENMrdction pat-

terns can be used to obtain precise structural informatibBM allows

lattice scale imaging of the samples. In this study TEM ismiyailsed to
get intra and inter grain features of sub micron or nano skg8, par-

ticles and to determine the morphology, size and contertie@htano size
dopants. The instrument used was HRTEM FEI-TecrfaBG S-Twin 300
KV equipped with an X-ray energy dispersive spectromet@&SJ For

the TEM, samples were finely powdered, sonicated in acetmneniove
agglomeration, and then placed on copper grids.

Energy Dispersive Spectroscopy

Energy Dispersive Spectroscopy (EDS) allows a semi-qizive elemen-
tal characterization of the samples. In the present stud$ &falysis was
done using automated EDS system integrated either to SEM SEM.
The spectrum was taken either for a large area or for a sipgledepend-
ing on the requirement. The limitation of EDS in the preseémdyg was its
inability to accurately detect B because of its low atomidéghie

2.3 Superconducting characterization
techniques

The superconducting parametdrs, Jc, Jc(H) andH;, were measured
using both transport and magnetic measurements for asgehsi quality
of samples. For transport measurements an indigenousigrgescryo-
stat integrated with an imported cryocooler is used. FiguPeshows the
schematic sketch of the cryocooler integrated cryostate diyocooler
used is a Gifford-McMohan cooler manufactured by SumitioReavy
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Figure 2.2:Schematic sketch of the cryocooler integrated cryostat.

Industries Ltd. The model number of compressor unit is CI\N-&nd
the cold head model is SRDK-408. Some of the wires and tapesiwea-
sured in liquid helium for transport properties at IPR, Gandgar. Mag-
netic measurements were done using a VSM or SQUID systemMSPP
(Quantum Design, USA) with collaboration of RRCAT, IndonedaJN-
CASR, Bangalore. For transport measurements wire/tap@lsanvere
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 yapehored
to the second stage of the cryocooler with a home made sarfderh
Four probe resistivity method is used for the transport mesgsents. A
schematic diagram of the four probe resistivity measurermeangement
is shown in figure 2.3. High quality insulated copper wiresevased for
current and voltage terminals. The leads from the termiwal® directly

soldered to the outer sheath using ortho phosphoric acidflax,aafter

thoroughly cleaning the sheath surface with a sharp blade/kdge.

Nano
Current voltmeter
source

Sample

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

Resistance-Temperature (R-T) and Current-Voltage (Ih&yacteristics
of the samples were measured to determineTthandl ¢, of the samples.
A programmable Keithley 220 current source and Keithley/2882A
nano voltmeters were used for R-T measurements. A currd@/@b0 mA
was used for the R-T measurements. For |-V measurementsapnagable
current sources of capacity 30/100/1000 A, manufacturefiffiyAB were
used. All the R-T and |-V measurements were automated antiatieal
by a PC interfaced with the system through GPIB. Lakesho@2113840
model temperature controllers were used for monitoring @matrolling
the sample temperatures.

The temperature at which resistance falls sharply is takehel ¢ and
the difference between the temperatures correspondinget®®% and
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10% of normal state resistivityffcgo-Tc1o) is defined asd\T¢ for the sam-
ples. From the |-V characteristics the current at which thitgage shows a
sharp rise is defined as the transgert Ratio ofl ¢ to the total cross sec-
tional area is taken as the engineering critical currensitieJg) and the
ratio of | ¢ to the cross sectional area of MgBore 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 weae th col-
laboration with RRCAT, Indore and JINCASR, Bangalore. Bakgples of
typical dimensions 3 mnx 3 mm x 1.5 mm were used for the measure-
ments. The measurements were done with magnetic field dmlbag the
longest dimension of the samples. M-T measurements were aoh00
Oe or at 25 Oe mainly in zero field cooling (ZFC) condition. Majstere-
sis loops were measured at 5 K (15 K also for some samples)Buptdc

of the sample is defined as the temperature at which the ZF@etiagtion
begin to fall in the M-T curve.ATc is taken as difference between tem-
peratures corresponding to the 90% and 10% of the maximuehdstn
signal. Magnetic field dependence of the critical curremtsity [Jc(H)]

of the sample was estimated based on Bean critical statelmsitg the
formula

_ 20x AM
Je(H) = a(l — a/3Db)

where AM (in emu/cn?) 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 Hj, values of selected samples were estimated as the field at whic
Jc falls below 100 A cn?. The values oH;, were estimated from Kramer
plot also. For this the functiod > xH® 2> plotted againsH andHj, was
determined by linear extrapolation to zero of the Kramevesr
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Chapter 3

Preparation and
characterization of MgB»
bulk superconductor

For practical applications, it is required to prepare gooality bulk MgB;

with high phase purity, and acceptable superconductingepties. There
are two main routes to prepare bulk MgB reaction of Mg and B sources
(in situtechnique) and the sintering of pre-reacted MgBwders €x situ
technique). Theex situprepared samples generally have higher density
and better homogeneity compared to thesitu samples. However for
better superconducting properties, #esitusamples need much higher
sintering temperatures compared to isitu samples. Further, doping of
impurity elements has limitations gx situmethod.

\olatile Mg loss and Mg oxidation are two main hurdles for thesitu
synthesis of MgB. Mg vapor loss at elevated temperature causes non-
stoichiometry or B rich phases in the final product, and thé©\gat forms
at the grain boundaries acts as weak links. This affectsrdia gonnectiv-
ity and reduces the critical current density of the supedoetor [71]. Sev-
eral synthesis procedures are reported for the preparationsitu MgB,
bulks at relatively low temperatures with short duratiohbemat treatments
[87—100]. The starting materials are Mg in powder/flakeigtumps and
amorphous/crystalline B in powder forms. In a few reportsHylgpow-
der is also used as Mg source [87, 88]. The bulk synthesis rie @b
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42 3. Preparation and characterization of Md®ilk superconductor

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

We prepared bulk MgBby a method designated herein as Powder-In-
Sealed Tube (PIST) method, in which Mg and amorphous B pawsiere
sealed inside stainless steel (SUS 304/SUS 316 L) tubeseatdreated.
Stainless steel is chosen for the preparation of MgiBce it is non reac-
tive with Mg and B at elevated temperatures and has adequaetiityt and
strength. The preparation route illustrated here can pétei Mg evapo-
ration loss and significantly reduce the oxidation of Mg, aeduce the
cost of synthesis by avoiding expensive Nb/Ta tubes/foikst gases and
special furnaces.

Parameters such as the temperature and duration of therbathént
and the size of starting Mg powder were optimized for obtajngood
quality MgB, bulk superconductor, in terms of phase purity, crystaflini
and superconducting properties.

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

3.1.1 Starting materials

Mg powder from GoodFellow (99.8% pure) and amorphous B powde
from Aldrich (99.0% pure) were used for the synthesignasitu MgB,, by

the PIST method. Figure 3.1 shows the XRD patterns of staNlg and

B powders. Mg powder has good crystallinity and containedetectable
impurities including MgO. Though the B powder used is amous) it
showed some small amount of crystalline phases. The oluserystalline
phases are B in rhombohedral structure and a minor quariitdy®©. 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 mucgelbig
compared to the B powder and has irregular size and shapem€mially
available SUS 304/SUS 316 L stainless steel tubes of lendth&n with
different outside diameter (OD) and inside diameter (ID)pi€al OD/ID

are : 12/10, 10/8, 6/4 : all in mm) were used for the filling cdrsing
powders.
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Figure 3.1:XRD pattern of the Mg and B starting powders.
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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 outsaimeter
(OD) of 6 mm and inside diameter (ID) of 4 mm were used for sgaih
One end of the tube was pressed uniaxially at a pressuxe ofsPa us-
ing a hydraulic press (HERZOG TP 20P) so that it became tappesh
Stoichiometric weights of Mg powder and B powder were taksingian
electronic balance (Mettler AE240). The powders were mixexmnoge-
nized and ground thoroughly for about 1 hour using an agat¢amand
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44 3. Preparation and characterization of Md®ilk superconductor

pestle. Then the powder mixture was densely packed thrdwegbgen end
of the pressed tube leaving some space unfilled. The unfibetibp was

pressed with the same pressure that was used for the firstiendrst both
ends are of equal length. Subsequently powder filled midele &as sub-
jected to uniaxial pressing under 1 GPa to get a tape shapédrpoEnd

sealing was performed by arc welding. A wet cloth was wourdiad the
specimen during welding to avoid heating up of the sample.

~

Heat
traetment

SS tube End pressing Mg + 2B filing Openend  Pressing of

OD/ID:6/4 mm pressing powder filled
middle area and
\ end welding ]

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

Figure 3.3 shows a schematic diagram of the sample preparato-
cedure. Figure 3.4 shows the photograph of a typical SS tebd for
the filling of the powder and a powder filled sealed sample hSaenples
were then heat treated in air at different temperatures aratidns (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 heatrreat
the outer SS sheath was mechanically removed and the, Mg was
retrieved for characterizations.

3.1.3 Characterizations

The structural and phase analysis of the samples were peribusing an
X-ray Diffractometer (Philips X’'pert Pro) with Cu Kradiation employ-
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3. Preparation and characterization of MdRilk superconductor 45

ing X'Celerator and monochromator at the diffracted beade.siPhase
identification of the samples was performed using X'Perthdipre Soft-
ware in support with ICDD-PDF-2 database. Microstruct@se@mination
and elemental analysis of the samples were done by usingtaalomi-
croscope (OLYMPUS SZ-PT), scanning electron microscoMSEOL
JSM 5600LV) and transmission electron microscope (HRTENMA FEENai
G? 30 S-Twin 300 KV) equipped with an X-ray energy dispersivecsp
trometer (EDS). DC magnetic measurements (M-T and M-H) warged
out by a vibrating sample magnetometer in Physical Propgdegsuring
System (PPMS), Quantum Design, USA on samples having sizenXm
3 mmx 1.5 mm. Variation of resistance with temperature (R-T platye
taken in a heavy duty closed cycle cryocooler-interfacgmstat (Cold
head Model : SHI SRDK-408) using DC four probe method.

Figure 3.4:Photograph of the bare and and powder filled pressed SS tuke (L
10 cm, OD/ID = 6/4 mm).

Figure 3.5:0ptical photomicrograph of the transverse cross-sectional view of the
polished surface of PIST sample after heat treatment.

3.1.4 Structural properties of PIST MgB,

Figure 3.5 shows the optical micrograph of the cross-seatisiew of the
polished surface of SS sheathed Mgiocessed at 850C for 2 hours.
The core layer is observed to be dense and black. The ingerégion
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46 3. Preparation and characterization of Md®ilk superconductor

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

Figure 3.6 shows a typical XRD spectrum of the Mgire heat treated
at 850°C for 2 hours. Crystalline MgBis the main phase with only a
trace of MgO as the impurity phase. The sharp peaks of Mgidexed
to the hexagonal crystal structure of ICDD file number 389.3bhe very
small amount of MgO observed is due to the air entrappedertsiel tube
before sealing the ends. No boron rich phases such as;Mg®1gB-;
are observed which ensures complete suppression of Mg etapoloss
during the heat treatment.

The lattice constants of the prepared Mgihase were determined from
the XRD data, considering the hexagonal crystal structacethe values
area=3.0862 A,c = 3.5260 A, consistent with reported values for MgB
[11, 21]. The geometric density of the bulk MgBvas determined by
measuring the mass and dimensions of rectangular shapessmiet from
the MgB;, core. The PIST samples have high level of porosity and hence
have a low average density6f1.3 g/cc ¢ 50% of the theoretical density).
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3. Preparation and characterization of MdRilk superconductor 47

Figure 3.7:Secondary electron SEM image of PIST MgB

Figure 3.7 shows a typical secondary electron SEM imageeofrac-
tured surface of PIST MgBheat treated at 850C. The microstructure of
the sample is homogeneous in nature. The sample show firnedduexag-
onal and randomly oriented MgRyrains of varying sizes. The grains have
size varying around Lm. The EDS analysis of a typical sample is shown
in figure 3.8. The EDS shows presence of Mg, B and traces of @ean t
grains, which is in agreement with the XRD results.

Intensity (arb. unit)
=)

o

0 : 4 6 8 10 12 14 16 18 20
Energy (KeV)

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

3.1.5 Superconducting properties of PIST MgB

Both transport and magnetic measurements show sharp supleting
transition withT¢ = 38-39 K andATc < 1 K for the PIST MgB. Fig-
ure 3.9 (a) shows the temperature dependency of resistRA€e(ot) in
the temperature range 8-300 K, of a typical bulk MgBeasured using
a closed cycle cryocooler. The MgBhows superconducting transition
at 38.9 K. Zero field cooled (ZFC) magnetization plot in theperature
range 2 to 50 K, taken at 100 Oe is shown in figure 3.9 (b). Thepkam
show sharp superconducting transition witharound 38.6 K and\T¢ <

1 K. The consistently highc and smallAT¢ values show that the sample
has excellent crystallinity and good homogeneity.

The field dependent magnetization (M-H plot) of a typical PI8gB,
sample is shown in figure 3.10. Thermo-magnetic flux jump®oheerved
for fields below 2 T for the sample without any dopants at 5 Kpbs
served in many previous reports [60, 150—152]. The flux jucgues only
under conditions of extremely high critical currents, highgnetic diffu-
sivity and low heat capacity causing localized motion of metg flux. In
MgB,, since the magnetic diffusivity into the sample is much d¢arthan
the thermal one, flux jump is considered as a process of magfiftision.
The temperature of the sample increases during flux jumplandample
may transit from superconducting state to normal sate. feiomp 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 MgB.
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Figure 3.11:MagneticJc(H) characteristics of typical PIST MgB

Figure 3.11 shows the field dependence of a magnetic critioabnt
density Pc(H)] of typical PIST MgB, sample at 5 K and 15 K, deduced
from M-H data. Thelc(H) is estimated based on Bean critical state model
using the formula. At 5 K, at lower fields the estimationJgfis not ac-
curate due to flux jumps. At 5 K the magnefigis ~ 10° Alcm? at 2 T
and~ 0.8 x 10* Alcm? at5 T. At 15 K thelcis~ 6 x 10* Alcm? at2 T
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50 3. Preparation and characterization of Md®ilk superconductor

and~ 5 x 10® Alcm? at 5 T. TheH;, of the sample, defined as the field
at which Jc falls below 100 A/cr is higher than 8 T at 5 K and is' 6

T at 15 K. All these values are comparable with many of the gpaality
MgB, bulks reported worldwide. Table 3.1 summarizes the progeedf
bulk MgB; 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 ~ 800-850C in air
Impurities in the final samples ~ Only traces of MgO
Average MgB grain size  1um
Tc 38-39K
Jo >10° Alcm?at2T,5K
>10* Alcm? at 2 T, 15 K and
>10° Alcm? at5 T, 15K
Hir >8Tat5K~6Tat1l5K
Fpmax  1-2 GN/m? at 5-15 K

* Fpmaxis the maximum flux pinning force density.

3.2 Optimization of preparation conditions

Forin situsynthesized MgB theJc(H), Hir andH¢, depends sensitively
on factors like chemical composition, homogeneity, densiticrostruc-
ture, grain connectivity and flux pinning of the sample. Tehé&xtors are
influenced by the process conditions, as well as the puritg,and nature
of starting raw powders [83, 92, 93, 153-157].

For thein situ MgB; bulk, based on the synthesis method and nature of
starting materials many reported heat treatment at 700-856r 30 min-5
hours for optimized superconducting properties. A low bgsts tempera-
ture/duration favors fine sized grains, enhancing graimtaty pinning, at
the cost of incomplete reaction, reduced crystallinity anidw lattice sub-
stitution (for the case of doping). Higher synthesis terapee/duration
causes grain growth, improves crystallinity and level digtiiution at the
expense of low grain boundary pinning and increased MgO dtiom. So
an optimum preparation condition has to be needed for éetatudies.

50
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3.2.1 Effect of heat treatment conditions on structural
properties

Samples heat treated in air at 700, 800°C, and 900°C for 1, 2, 5and 10
hours were prepared by situ PIST method. Crystalline and microstruc-
tural characterization of the samples are done using XRC5&d studies.
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Figure 3.12:Powder XRD patterns of the samples heat treated af Z)800°C
and 900°C for 1, 2, 5 and 10 hours.

Powder XRD patterns of the samples heat treated at°@)@B00°C,
and 900°C for 1-10 hours are shown in figure 3.12. Crystalline Mg8
the major phase observed in all the samples, with traces @ .Nunre-
acted Mg is observed in some samples heat treated at@@hd 800°C
for lower sintering durations. The amount of unreacted Mgréases and
crystalline MgB increases with increasing heat treatment durations.
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Figure 3.13:FWHM of (101) peak of the samples heat treated at 700800°C
and 900°C for 1, 2, 5 and 10 hours.

Figure 3.13 shows the full width at half maximum (FWHM) of (301
peaks of the samples. The figure clearly shows that the FWHIvedses
with increase in the temperature of synthesize. The FWHM edesas
more sensitively with increase in the duration of heatinge @ecrease in
FWHM is more for samples heated at 900. The decrease in the FWHM
indicates the increase in the MgBrain size, with increase in heating tem-
perature and duration.

Table 3.2:Lattice parameters of the samples, calculated from XRD data
Heat treatment temperatureQ)

Heat treatment 700 800 900
Duration (h) a(d) cd) a(d) cd a(d) c@

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 parametarandc of the samples, calcu-
lated from the XRD data. The lattice parameters of the sasrgitew no
significant variations within the experimental error.

Figure 3.14 shows the secondary electron SEM images of thelea
heat treated at 700C, 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 seimples
show fine hexagonal MgBgrains of varying sizes. SEM images show that
the average grain size and grain connectivity of the sangyegnproved
with increase in sintering temperature. The grain size afgwoves with
the sintering duration, for each sintering temperaturee iFformation
from the SEM images are in good agreement with the FWHM of the sa
ples shown in figure 3.13.

The results indicate that both the sintering temperatudedamation of
sintering have influence on the crystalline and microstmadiproperties of
in situ polycrystalline MgB. As the sintering temperature and its duration
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54 3. Preparation and characterization of Md®ilk superconductor

increase the amount of crystalline MgBicreases. The average grain size
of crystalline MgB 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 micrdatalgroper-
ties, four samples were prepared for superconducting measmnts. The
samples were heat treated at 780, 800°C, 850°C, and 900°C for 2
hours. The samples were named as MB750, MB800, MB850 and BIB90

respectively.
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Figure 3.15:Powder XRD patterns of the samples heat treated af Z5800°C
,850°C and 900°C for 2 hours.

Powder XRD patterns of the samples are shown in figure 3.158,Mg
is the main phase and small amount of MgO is observed in alsdime-
ples. Small amount of unreacted residual Mg is detectedhi@rsample
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heat treated at 750C. No peaks of MgB or other higher borides are ob-
served in any of the samples. The very small quantity of Mg€eoled is
due to the entrapped air before end-sealing of the tubede Bab shows
the lattice parameteis ¢ 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 increasimgishg temper-
ature, indicating increase in MgRjrain 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
A R) (A3) (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
T T T T T T T T T
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Figure 3.16:M-T plots of the samples heat treated at 7% 800°C , 850°C
and 900°C for 2 hours.

Temperature dependence of magnetization (M-T) at 20 Oeeo$dim-
ples is shown in figure 3.16. All the samples show sharp sopergcting
transition withT¢ around 38.5 K and\T¢ ~ 0.8 K. The almost identical
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Tc andATc values indicate that the samples are identical with respect
stoichiometry, lattice or structural defects and the ettt states in the
superconducting B planes.

“—
5 MB750, 10K —%— %‘ \e\f“\*;
3 MB800, 10K —*—

0 MB850, 10K —— \\
™ 103} MB900, 10K —v—
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Field (T)

Figure 3.17:Jc(H) plots of the samples heat treated at 780 800°C , 850°C
and 900°C for 2 hours.

The in-field critical current densityg(H)] at 10 K and 20 K, estimated
from the M-H curves is shown in figure 3.17. At 10 K, and at lowd#e
Jc jumps abruptly due to the flux jumps. But at higher fields dgéH)
follows systematic behavior for all the samples. Samplé¢ tieated at 800
°C shows highedc in external fields, at both 10 K and 20 K. In general,
the Jc(H) is better for samples heat treated at low sintering tentpera
(750°C and 800°C), while it is lower for samples heat treated at relatively
higher temperatures (85@ and 900°C). The slightly highedc(H) of the
samples MB750 and MB800 is mainly due to the smaller grains.

Thus the critical temperature of the MgBemains almost same for sam-
ples prepared at different temperatures, whidéH) 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 reactidfyMg with B
was studied. The samples were synthesized using Mg part€feur dif-
ferent size categories. The superconducting propertissletted 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+ (+500

to -300 mesh) and other 106-18@n (+150 to -85 mesh)- were prepared.
For all the samples B powder used was of size <u#¥(-325 mesh). The
two sets of the samples were prepared at 700, 800, 850 anti®afy 2
and 10 hours. The samples were then characterized usingepo¢RD
analysis. The samples prepared using smaller and largeraMiglps 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: 2588 and
MB L (Mg size: 106-180um) 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 (MgBgO and remnant Mg)
are shown in table 3.4. MgBs the main phase and small amounts of MgO
and remnant Mg are observed for MB S. However, for MB L, rentinan
Mg is much higher and the amount of Mg lower compared to MB S.
Most importantly, at 700C /2 h, the amount of MgBis very low and the
remnant Mg is high for MB L.

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

Heat Volume percentage of (%)
treatment MgB 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 2.25 211 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 patrticle size for better supercotiaig prop-
erties four more samples were prepared with different Mdigarsizes.
The Mg particles sizes used were < g, 25-53um, 53-106pm and
106-180um. The samples were heat treated at 860for 2 hours. The
samples were named as MB1 (Mg size: <;28), MB2 (Mg size: 25-
53 um), MB3 (Mg size: 53-106um) and MB4 (Mg size: 106-18@m)
respectively. Powder XRD patterns of the samples are shavfigure
3.19. Residual Mg is detected for all samples except MB1 endmount
increases significantly with increase in the starting Mdiplar size. No
peaks of MgR or other higher borides are observed in any of the samples.
There may be unreacted amorphous B, but cannot be detecbeien
The very small quantity of MgO observed is due to the entrdmebe-
fore end-sealing of the tubes. The starting Mg powders were from
oxygen as their XRD patterns showed no MgO within the dedadtimit.

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

size of starting Mg powder increases, both Mgihd MgO decrease and
the residual Mg increases (MB3 and MB4). For MB1 and MB2 thgah
Mg patrticle size (< 25u:m for MB1 and 25-53:m for MB2) is comparable
with that of B (< 44;m). For MB3 and MB4 the initial Mg particle size
(53-106 um for MB3 and 106-18Qum for MB4) is significantly higher
compared to the B powder. This clearly shows that the amdureisidual
Mg increases significantly as the Mg particle size increadewe the B
particle size.

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

Volume percentage of (%)

Sample MgB 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 thplea.
The samples show distinct difference in microstructurdgispect to Mg
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Figure 3.20:SEM images of MB1, MB2, MB3 and MB4 heated at 850/2h.

particle size. Samples MB1 and MB2 show homogeneous miciost
tures with randomly oriented hexagonal Mg@rains of varying size. The
grains are densely packed and the average grain size iscatqum. All
the grains are well connected and sharp grain boundariebecaren for
higher sized grains. But for MB3 and MB4 the microstructigréeiss ho-
mogeneous with larger grain size compared with those of MBUB2,
and contain significant amount of amorphous like regionsMBB and
MB4 hexagonal grains of different sizes are loosely packetithe grains
are not well connected as those of MB1 and MB2. Some of theduaa
grains of MB4 have notably high grain sizes. A significanttjpor 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 cleartijcates
higher FWHM for MB1, implying reduced MgBgrain size in this sample,
in accordance with the SEM images.

60



3. Preparation and characterization of Md®ilk superconductor 61

0.32 — T T T
03 —
B
S 0.28 - \\\A ]
[}
S o026} -
% . (101) peak
101) peak—=—
E 0.241 (002) peak—eo— |
022 (110) peak—a—
02 1 1 1 1
MB1 MB2 MB3 MB4

Sample

Figure 3.21:FWHM of (101), (002) and (110) peak of the samples.
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Figure 3.22:M-T plots of MB1, MB2, MB3 and MB4 heated at 85C/2h.

Effect on the superconducting properties of MgB

In order to study the influence of Mg particle size on the scpeduct-
ing properties of MgB with Mg particle size the samples MB1, MB2,
MB3 and MB4 further characterized using DC magnetizatiorasuiee-
ments. Temperature dependence of magnetization (M-T)eosdimples is
shown in figure 3.22. All the samples show sharp supercomiptansi-
tion with Tc in the range 38.4-38.6 KamT¢ (TCQO%'TC10°/‘) ~1.1-1.2 K.
The almost identical c andAT¢ values of the samples indicate that unre-
acted Mg or B do not cause any significant change in the supéooting
transition temperature of MgB This is consistent with the earlier studies
on the MgB, samples, in whicfT ¢ was found to be nearly constant, with
a spread of only 0.3 Kfor 0.6 <x < 1.3 [93, 158].
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Figure 3.23:MagneticJc(H) plots at 15 K for the samples MB1, MB2, MB3 and
MB4 heated at 850C/2h. Inset of the figure shows the corresponding M-H curves
of the samples at 15 K.
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Figure 3.24Field dependence of flux pinning force density for the samples MB1,
MB2, MB3 and MB4
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Figure 3.23 shows théc at 15 K in applied fields, estimated from the
isothermal M-H curves by using the Bean model. Inset of theaéghows
the corresponding M-H curves at 15 K for the samples. The kEaMpB1
has the besic value among all the samples upto the maximum field (6 T)
studied. At high fields théc of MB2, MB3 and MB4 are comparable but
distinctly lower than that of MB1.

The flux pinning force densitlfp (Fp = Jc x B) as a function of applied
field for the samples is shown in figure 3.24. The sample MBargteshow
enhanced flux pinning compared to the others. The flux pinbéiviour
of all other samples is almost same. For the sample MB1 Bgjfaxand
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 increasaihount of
crystalline MgB increases.

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

3. The critical temperature of the MgBemains almost same for sam-
ples prepared at different temperatures, whdgéH) is slightly higher
for samples prepared at relatively lower temperatures.

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

5. The critical temperature of MgBis almost unaffected by the Mg
size variation, but the critical current density is affettdc(H) and
flux pinning strength were higher for samples synthesizé¢k lwer
sized Mg particles and lower for samples synthesized witjinéri
sized Mg particles.

The observed results can be explained as follows. The oeactixture
is considered as a homogeneous mixture of Mg and B powdersnélig
at ~ 650 °C and the melting temperature of B is higher than 2000
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Detailed kinetic analysis for the Mg + B system shows that gBase
starts to form much below the melting of Mg (< 65C) [159-161]. At
these temperatures, solid-solid diffusion of Mg and B p&et takes place
and the MgB 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 MgBns

at the interface [159—-161]. Once the temperature reackasaditing point

of Mg (~ 650°C), Mg melts and then liquid-solid reaction takes place,
through diffusion. At the reaction temperature Mg melts farmains as
globules and can be considered as particles in liquid pfds=formation

of MgB, generates heat, further promotes the melting and reactidygo
with B. The reaction between Mg and B starts at Mg-B interfacd the
particles diffuse further across the formed MgRyer, and the reaction
grows around the layer [159-161], until the growth is pineginly by
pores). The rate of diffusion depends on the temperaturenamnd particles
diffuse with increased sintering temperature and duration

At lower temperatures and durations the rate of diffusiofovg and
is the reason for the observed unreacted Mg in these saniptesesl at
lower temperatures and durations. At much higher tempessithhe vapor
pressure of Mg is high and a great deal of liquid Mg turns intgp Wapor,
leading to a vapor-solid interaction. At higher sinteriegnperatures the
diffusion rate is higher which improves the grain growttsuking MgB;
crystals of increased grain sizes.

As the MgB grain grows at the Mg-B interface, diffusion rate decreases
with increase in the thickness of the interfacial MgByer. The reaction
kinetics ofin situ MgB, discussed by Cuet al [162] also suggests that
the rate of reaction is most likely to be inversely proporébto the thick-
ness of the MgB layer formed between the reactants. For Mg particles of
size smaller or comparable with B, the Mg-B interface willddficient to
diffuse and react the Mg and B particles completely. For Mdiglas of
size much higher compared to B particles, some Mg will rernaireacted
and this will be trapped inside the MgBayers as inclusions since all the
Mg inside may not diffuse as the diffusion rate decreasel gribwth of
interfacial MgB,. Thus the reaction between Mg and B practically ceases
locally after a certain period since diffusion rate apptaczero. In the
SEM images of samples (figure 3.20) synthesized with higlzedsvig
powders a lot of separated (not well connected) MgBains can be seen.
This may be due to the ceasing of local grain growth. But inamsyn-
thesized with smaller sized Mg powders, the grains are coabbawell
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connected and the microstructure is more homogeneous. AdgiEa or

other higher borides are detected in the samples, due ta¢cbenplete re-
action, small quantity of B can be at the grain boundariesas@orphous
impurity. For smaller starting Mg powders the MgBrains formed will
be also small, since Mg is the nucleation site and the reagtiows along
the Mg-B interface. SEM images of the samples show that tam giize
is lower for samples synthesized from smaller sized Mg pogidehich is
further supported by the FWHM results.

Grain boundaries are good flux pinning centers in ML, 122—-124]
and flux pinning improves with reduced grain size [125]. Tikighy sam-
ples with lower sized grains showed higle(H) values.

3.3 Summary and conclusion

Bulk MgB; superconductor was prepared by a simple a Powder-In-Sealed
Tube (PIST) method. In this method, Mg and B powders weresgéatide
stainless steel tubes and heat treated in air, ie withouireamyyor vacuum
atmosphere. The MgBprepared by PIST method has good phase purity
and superconducting properties. Only a trace amount of Mgibserved

as an impurity in typical PIST sample and the sampleTa38-39 K with
aATc ~ 1 KandJc of 10°-10° A/lcm? at 5 K.

Influence of heat treatment temperature, duration and $gtaxting Mg
powder on the microstructural and superconducting prégsedfin situ
MgB, were studied for optimizing the preparation conditionsa®wity
of Mg with B decreases significantly due to the reduction iifudion of
particles across MgBlayer and the residual Mg increases with increase
in the size of the starting Mg powder. MgBrepared using Mg powder
of size smaller or comparable with B powder has no/lesséduakMg,
and show bettedc in applied fields compared to other samples. Based of
the phase analysis, crystalline and microstructure aeslgad evaluation
of superconducting properties, a sintering temperatui@06t850°C for
2 hours is found to be the optimum for PIST method. Considetime
availability and the observed good results Mg particlesa# 85-53m is
selected for the further studies in the present work.
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Chapter 4

Preparation and
characterization of MgB»
wires and tapes

This chapter describes the preparation and charactenizaftivigB, super-
conductor in mono and multifilamentary wire and tape geoiegtrOver
the years many techniques were developed for making LTS difirHa-
terials into wires and tapes. Of these, Powder-In-Tube)(Rigthod is an
easy and scalable method for large scale production of kmgth conduc-
tors. For MgB also PIT is the most preferred for long length fabrication.
In the present study also chosesitu PIT method for the preparation of
MgB, wires and tapes as the method is most efficient for large gudls-
trial production of long length conductors.

In PIT method, the precursor powder is filled into suitablé¢attie tubes,
mechanically rolled/extruded/drawn into desired size simape followed
by a heat treatment. In the case of MgBhe metallic sheath chosen must
be chemically compatible with MgBand should not degrade the super-
conductivity. It must be non-reactive with Mg, B and MgBThe sheath
metal must have adequate strength to give mechanical dupptbie brit-
tle superconducting core, but also must be ductile enouglittstand the
mechanical working. The metal sheath has to play a role &igidn bar-
rier for the volatile and reactive Mg. Several sheath matesuch as Cu,
Ag, Ni, Nb, Ti, Fe and some alloys like SS, monel (Cu-Ni) aiedrfor
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68 4. Preparation and characterization of MgBires and tapes

MgB,. Of these most of the sheath materials form intermetallicsotid
solutions with Mg/B, affecting the superconducting prdjesr of the sys-
tem to different extents depending on the reactivity [60].

In order to select a suitable sheath material, we carrie@ aystematic
study of the reactivity of the commonly available sheatheriats such as
Fe, SS, Cu, Ag, Ni and Ta by mixing their fine powders with dt@metric
Mg and B and heat-treating the reaction mixtures at diffet@mperatures.
The studies showed that among the above metals only Fe, STaaaue
acceptable for use as sheath materials for MgMe/tape fabrication. In
the present work MgBbased wires and tapes were fabricated in both mono
and multifilamentary geometries using Fe as the sheath ialater

4.1 Reactivity of sheath materials with Mg/B

4.1.1 Experimental Details

The samples for reactivity study were preparedhsitu Powder-In-Sealed-
Tube (PIST) method as detailed in chapter 3. Commercialgilavie
seamless stainless steel (SUS 304) tubes of 10 cm lengthawittutside
diameter (OD) of 10 mm and inside diameter (ID) of 8 mm wereluse
the study. Stoichiometrically weighed and uniformly mixegld) powder
and amorphous B powder, added with a 10 wt.% sheath matenadgr
viz. Ag, Cu, Fe, Ni, SS and Ta (99% purity, -200 mesh) were pddhkto
the tubes, compacted mechanically and end-sealed by adingelT hirty
such samples (five each with six different sheath materiaidgos) were
prepared and each set was subjected to heat treatment a€C66@5°C,
750°C, 825°C and 900°C for 2 hours.

4.1.2 Characterizations

The phase analysis of the samples were performed by usindgroXRD.

Phase identification of the samples were performed usingrX'gigh-

score Software in support with ICDD-PDF-2 database. Qtativie phase
analysis of the samples were carried out from the XRD. Micuzsural

examination and elemental analysis of the samples were lopnsing a
scanning electron microscope (SEM-JEOL JSM 5600LV) ecpdpwith

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 matedal Ag,
Cu, Fe, Ni, SS and Ta added samples heat treated at differapetatures
viz. 600, 675, 750, 825, 908C for 2 h. The XRD measurements were
performed on the ground cores, taken out by mechanicallyngeeff the
SS sheath. From all the XRD patterns, it can be seen that,Mgha-
tion is almost complete in all samples at around 825and small peaks
corresponding to MgO are also present.

For the Ag added sample (figure 4.1 a), reaction between MgAand
starts even at the temperatures of 6@ At 600 °C reaction between
Mg and Ag forms an intermetallic Ag4Mgo.76, and after 750°C, the
Ado.24Mgo.76 fully converts into MgAg, reducing the effective supercon-
ductor volume. Above 750C the amount of MgAg phase is considerable
and some of the peaks are very strong and sharp. The preseAce o
Mg phases strongly impede the flow of super-currents frormgdeagrain,
causing a decrease of current carrying capacity of the rsyi&e].

For the Cu added sample (figure 4.1 b), the competition inti@ac
among Mg, Cu and B led to different phase formations. SigamifidVig-
Cu reaction tookplace even at 60C resulting in the formation of the
binary phase MgCu. As the reaction temperature is increased above 750
°C, Mg,Cu undergoes partial decomposition and releases a par dMgh
and this results in a phase composition of MgCTLhermodynamically, the
Gibb’s free energy of MgCuis lower than that of MgCu and this explains
the formation of MgCu which is more stable at higher reaction tempera-
tures. There were reports on the deleterious effects of Mg@mation in
Cu sheathed conductors at temperatures above €4063-165]. These
reactive phases both MGu and MgCuy act as obstacles to the supercur-
rent flow, creating weak links among Mggrains.

For the Fe introduced sample, Fe remains inert towards batland B
at temperatures up to 82% (figure 4.1 c). For the 900C heat treated
sample, the intermetallic compound,Bebegins to form due to reaction of
Fe with boron. Being highly brittle in nature fi&worsens the mechanical
and conduction properties of the superconductor. Studigsrbvenoret
al [166] showed the formation of ;B at temperatures in excess of 850.
However, the besic for MgB, 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 temapesa

sheath material [167, 168], for relatively low temperat(#&50°C) heat
treated wires/tapes wherein the reaction between Fe andé Magiinimal.
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Ni added samples showed significant reaction at tempesaasow as
600°C causing the formation of M\i (figure 4.1 d). At higher tempera-
tures, boron also take part in the reaction process regliltithe formation
of the tertiary compound MgNEB, in large quantities. Bellingert al
[169] observed a thick reaction layer of MgiNBi, by neutron diffraction
at the Ni-MgB; interface while fabricating monofilamentary tapes.

Mg and B are found to be exceptionally inert with respect tnséss
steel even up to the highest heat treatment temperatur®éf®@igure 4.1
e), suggesting the chemical compatibility of SS for Mgfdre fabrication.
It may be recalled that SS tubes were used for preparing elséimples
in this study. However, not even a trace of any reacted plzasbserved
in any of the samples under the extreme heat treatment comgliised.
No chemical reactions have been observed for the Ta intestincsitu
processed samples upto a temperature of°®%figure 4.1 f). At higher
temperatures, Ta begins to react with B forming Taiside the core. The
results of reactivity ofn situprocessed MgBwith 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 Ado.24MJo.76  AJo.24MJo76  Ado.2aMdo.7e  MOAg MgAg

Cu Mg,Cu Mg,Cu Mg,Cu MgCw MgCuw,

Ni MgzNi, MgNizlsBiz MgNizlsBiz MgNizlsBiz MgNi2.5Bi2
MgNi2.5Bi2

Fe No reaction No reaction No reaction No reaction ,HB-e

SS No reaction No reaction No reaction No reaction No reactio

Ta No reaction No reaction No reaction No reaction JaB

Figure 4.2 depicts the formation profile of the various peaeemed
in the reaction mixture with different sheath material pewsdduring the
in situ processing of MgB heat treated at different temperatures. ‘Other
phases’ labeled in the figure refers to all phases other thgB,Mresent
in the samples and ‘reactive phase’ refers to compoundseaiteimaterial
with Mg and B. In all the cases formation of MgBtarts at 600°C and
the reaction rate attains a maximum in the temperature réoge 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 introdugeaitu processed MgB
at different temperatures.

to 750°C irrespective of the added sheath material powder. For Be, S
and Ta the MgB formation curves are almost identical (figure 4.2 c, e and
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f) yielding high purity MgB, (Vol.% of 96.2, 97.2 and 96.1 respectively)
at a temperature of 825C with little or no reacted phases. Beyond this
temperature the rate of MgBormation stagnates without any significant
deterioration in purity upto 900C. But Ag, Cu and Ni added samples
show (figure 4.2 a, b and d) markedly larger amount of reagihases,
considerably reducing the relative amount of Mgghase in the core to
78.8%, 86.8% and 68.8% respectively within the tempera206°C. Of
these, volume % of MgBis lowest for the Ni added samples. The much
higher reactivity of Ag, Cu and Ni make them unsuitable fe thbrication

of MgB, 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 9Q@2h.
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Figure 4.3 shows the scanning electron micrographs (SEManbus
sheath material introducdd situ processed MgBsamples heat treated
at 900°C/2h. Typical hexagonal grains of MgRan be observed in all
the microstructures. However, larger quantities of finengrd precipitates
of the reacted products are observed for Ag, Cu and Ni addexgbles,
showing their extensive reaction with Mg and/or B. In ordefind out the
atomic composition of the reacted phases energy dispexsiag (EDX)
analysis was carried out. Figure 4.4 shows typical energyeatsive spec-
tra (EDS) of the precipitated areas of Ag and Cu adidesitu processed
MgB, samples. The EDX microanalysis has revealed that the prateid
area of Ag added sample has an approximate atomic compobitia Ag
of 1:1 (MgAg) and for Cu added sample, it has a composition@digof
1:2 (MgCuw). These observations are consistent with the X-ray diffoac
studies.

Mg
Ag Cu

Mg

Agadded Cuadded

Intensity (arb. unit)
Intensity (arb. unit)

T T T T T T T T
110 1.50 1.90 230 270 3.10 350 3.90 430 KeV 1.00 130 1.60 1.90 220 250 280 3.10 3.40 3.70 4.00 KeV

Figure 4.4:Energy dispersive spectra (EDS) of the reactive phase formed in Ag
and Cu added samples heat treated atSD2h.

For anin situ conductor fabrication method, the sheath material plays a
very crucial role in determining the superconducting praps of MgB,
conductors. Conductors with better properties could beesel if we
use the right sheath material which should be primarily reactive with
Mg/B at heat treatment temperatures. The present studyssthawAg, Cu
and Ni undergo markedly higher reaction during hesitu processing of
MgB,, which make them unsuitable for conductor fabrication. I@ndther
hand, SS, Fe and Ta show no or very little reaction at the heatnent
temperatures and hence these can be considered as patentimates for
MgB., wire manufacturing. However, factors such as limited meata
workability of SS and high cost of Ta make Fe, the best chadb@sheath
material forin situ MgB, wire/tape fabrication.

74



4. Preparation and characterization of MgBires and tapes 75

4.2 Influence of sheath material reactivity on
superconducting properties of MgB

4.2.1 Experimental Details

Based on the above study of the reactivity of various sheatierials with
Mg/B, four samples, added with Fe, SS, Cu and Ni, (10 wt.% oheand
heat treated in air at 825C for 2 hours were selected for superconducting
property measurements. Here after the samples added witkeSSu and

Ni are named as MBSS, MBFe, MBCu and MBNi respectively. Theesu
conducting magnetic measurements were carried out by atingrsample
magnetometer in Physical Property Measuring System (PP®i&ntum
Design, USA on the rectangular shape of samples having sfZ&am x
3mm x 1.5mm.

4.2.2 Results and discussions

The XRD patterns of the samples are shown in different piofigure 4.1.
However for the sake of comparison, the XRD patterns of sasnatided
with SS, Fe, Cu and Ni sheath powders and heat treated &t@2&r 2h
are shown in figure 4.5. All X-ray diffraction results giveash peaks of
MgB, phase with only a minute fraction of MgO. The impurity phases
formed are marked in the figure. Lattice parameter calanatshow that
there is no significant variation in lattice parameters c of MgB; (table
4.2) within the experimental limit. This indicates that theded sheath
materials are not substituted at either Mg or B sites in lgBhe lattice
parametera andc, Vol.% of MgB, phaseTc, H; andJc data for MBSS,
MBFe, MBCu and MBNi samples obtained from this work are sumpea
in table 4.2.

Figure 4.6 illustrates the DC magnetization versus tentpeggM-T)
plots in zero field cooled (ZFC) condition under an appliettif@f 20 Oe
for SS, Fe, Cu and Ni added MgBamples. The ZFC branch of the mag-
netization undergoes a diamagnetic transition in the r&8%8-38.5 K.
Fe added sample shows relatively higher(38.5 K) while T¢ of MBSS
(38.2 K) and MBCu (38.3 K) are almost same and that of MBNi samp
is slightly lower (37.8 K). The lowel ¢ of Ni added sample may be due
to the reduction of superconducting volume (60% Mp®hich is cleared
from quantitative phase analysis of XRD data, as shown ileté2. The
samples MBSS and MBFe exhibit positive magnetization alb@resition

75



76 4. Preparation and characterization of MgBires and tapes
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Figure 4.5:X-ray diffraction patterns for MgBsamples added with 10 wt.% of
sheath powder SS, Fe, Cu and Ni and heat treated at@2h.

temperature, likely due to the paramagnetic or ferromagmetture of
additives. Although Ni is ferromagnetic below its curie femature, Ni
added MgB sample does not show any positive magnetization abgve
since the Ni powder reacted with Mg and B forming MgRhBi..

Table 4.2:Structural and superconducting characteristics of Mgf@Bnples added
with sheath materialslc andHj values are are at 5 K

a c \Vol. of T¢ Jcat2T Jcat5T Hiy
Sample (A) A Mg (K) (Alcm2?) (Alcm2) (T)
(%) (x 104 (x 109)
MBFe 3.086 3525 97.2 38.2 118 6.8 7.8
MBSS 3.089 3523 96.2 385 85 5.2 7.7
MBCu 3.084 3.526 86.6 383 52 2.9 7.1
MBNi  3.086 3.525 60.0 37.8 45 2.0 6.9

The field dependent magnetization of Mg&amples added with sheath
powders SS, Fe, Cu and Ni is shown in figure 4.7. It appeardfibéirst
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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 quadrantsgiearto each
other. The magnetic hysteresis loop widths of MBSS and MBEdzager
than those of MBNi and MBCu showing the former’s higher maae

tion under external magnetic field. Samples MBFe and MBS %/ stight

paramagnetic shift due to the presence of paramagneticauenps such
as Fe and SS powders.
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Figure 4.7:(a) M-H plots (at 5 K) of MgB samples added with sheath powders
SS, Fe, Cu and Ni and (b) enlarged view at high fields.
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Figure 4.8:3c(H) curves at 5 K of MgB samples added with sheath powders SS,
Fe, Cu and Ni.

The critical current densityJ¢) was estimated from the width of the
M-H curves in applied fieldsH) at 5 K by using Bean model. Figure 4.8
shows the dependenceX¥ with magnetic fields upto 8 T. As shown in the
figureJc(H) characteristics imply that the intragralp of Fe added MgB
sample attains better values among all samples. The iafrady values
for MBFe sample are 11.9 10* A/cm? at 2 T and 6.8< 10° A/lcm? at 5
T whereas for MBSS samplk values at 2 T and 5 T are 8:510* A/lcm?
and 5.2x 10° A/lcm?, comparable to that of Fe added sample.values
of sample MBCu are 5.2 10 Alcm? at 2 T and 2.9 10° Alcm? at5 T
and those of MBNi are 4.5 10* A/cm? at 2 T and 2< 10> Alcm? at5 T.
Enhancedlc values of Fe and SS added samples show a direct correlation
with their better phase purity comparing with Cu and Ni addatdhples.
At higher fields MBSS and MBFe samples show two or three tiraegelr
Jc than the other samples containing reacted phases. ThedstgemJc
at higher fields (> 6 T) in all samples is attributed to the fl@agtration
into the grain boundaries that may contain impurities. Thaker grain
connectivity and greater flux penetration due to the preseh@npurities
of reacted sheath powders in the grain boundaries lead tgex leeduction
of Jc in MBCu and MBNi samples at higher fields.
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The irreversibility fieldH;., defined as the field at which critical current
Jc falls below 100 A/crd, for all samples at 5 K is shown in table 4.2.
For MBFe and MBS3H;,; 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. High#f of Fe
and SS added samples is attributed to the higher supercimglacea, bet-
ter microstructure and unreacted sheath powders inVigiing as grain
boundary pinning centers. The reacted additives in Cu aratiléd sam-
ples reduce the superconducting area and weaken the gmieativity
without any enhancement in flux pinning, causing redukgél) andH,
values.

From the results it is very clear that Fe is the most suitabde¢enal
with respect to chemical inertness with Mg/B at the react@mnperature
and retention of superconducting properties of the kg@&e. Fe is easily
available and is relatively cheap. It has adequate hardoegge mechan-
ical support to the brittle superconducting core. It hasugihcstrength and
ductility to withstand mechanical rolling. Fe sheath efifely acts as a
diffusion barrier for the volatile and reactive Mg. Congidg these facts
we choose iron as the sheath material for MgBnductor fabrication.

4.3 Preparation of MgB, conductors

Mono and multifilamentary MgBwires and tapes were prepared by the
in situ Powder-In-Tube (PIT) method. Figure 4.9 presents the patipa
method of mono and multiflamentary MgBvires and tapes.

4.3.1 Monofilamentary wires and tapes

Fe tubes of length 2.5-5 cm, outside diameter 4 mm and insataater
2 mm were used for the regular short length conductor fativica For
long length conductors 5-10 cm long and OD/ID of 8/6 or 5/3 nuimets
were used. The tubes were filled with homogeneously mixed MbE
powders and mechanically compacted. Brass studs were aggddgs to
seal the ends of the tubes. The composite tubes were grotee down to
desired dimensions without any intermediate annealing.régular wires
prepared had a diameter of 1.4-2.0 mm, while the minimum dtanfor
rolled wire was~ 1.1 mm. For the preparation of tapes these groove rolled
wires were then flat rolled to the desired geometry, using adleer. Typi-
cal flat rolled tapes had dimensions 3¢4.8-1.6 mm (widthx thickness).
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The ends of the wires and tapes were sealed by arc weldingseiees
and tapes were then heat treated at 650G @or 0.5-2 hours. Some of
the wires/tapes were heat treated by electrical selfihggtescribed in
section: 4.8) and others were heat treated in a muffle furnatter heat
treatment short length samples were cut for various chetiaations.

4 N
Homogenously mixed
Mg and B powders

l

[ Packing in Fe tubes J Y

» Filling of mono wires
+ Cu rods in Ni tubes

7
.
]
[ Groove rolling J !/ { Groove rolling J
! ' l
Mono wire - Multi wire

| !
! !

End sealing and heat treatment J

| |

Monofilamentary Monofilamentary Multifilamentary Multifilamentary
MgB, wire MgB, tape MgB, wire MgB, tape

- J

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

4.3.2 Multifilamentary wires and tapes

In a stabilized practical multiflamentary conductor, théas to be many
filaments of sheathed MgBuperconductor in a metallic matrix. A signifi-
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cant area fraction of the multifilamentary conductor musitam a thermal
stabilizer material:- metals with high thermal and eleetriconductivities.
During an accidental quench the stabilizer has to dissifregéheat gen-
erated in the conductor as fast as possible. The stabilizerpaovides a
parallel path to the current flow during the quench. In thes@nework we
prepared multifilamentary MgBconductors using Fe as inner sheath, Cu
as stabilizer and Ni as outer sheath. Cu is used as the gtapdlince it has
high thermal and electrical conductivity and relativelwloost! The outer
sheath must have good mechanical properties to supporbtitrictor and
must be chemically stable with environment. We have comsitistainless
steel (SS), mild steel (MS), monel (an alloy of Cu and Ni) anddx the
outer sheath material. Among these Ni is chosen as the cagattsdue to
its high oxidation resistance at high temperature heatnreat and good
mechanical properties.

To prepare multifilamentary wires the grove rolled monofietary wires
(OD ~ 2-2.5 mm) were cut, bundled and packed inside Ni tubes ofarits
diameter 8 mm and inside diameter 6 mm. Cu wires of diamei#&s-D.
mm were also bundled inside the Ni tube along with the filamemthe
composite was then then groove rolled for multiflamentanes: For the
preparation of tapes these groove rolled wires were themdilad to the
desired geometry. The rolled wires and tapes were then restet as
in the case of monofilamentary ones. The maximum length ofrine
prepared is about 2 m and the maximum number of filaments itifitaul
mentary wires is 10. A typical wire has 1.5-2 mm outside dieneand a
typical stabilized tape has the dimensions-oi-2 mm thickness and 3-5
mm width and upto 10 superconducting filaments.

Figure 4.10 shows a schematic diagram of the filling andnglfpro-
cesses for both mono and multiflamentary conductors antdtr wire
(groove rolling) and tape (flat rolling) rolling. For the tes the thesis, the
following short names are used to represent mono and malth&htary
wire and tape samples.

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

1Silver (Ag) also has high thermal and electrical condugtj\itit 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 MgBbulk preparation, the wire and tape preparations
were faced with a number of problems. The major problem fakethg
fabrication was the cracking of the sheath material. Evecrancracks
proved costly because MgO content of such samples was vgiywiiich
seriously affected the superconducting property. Figuté 4a) shows a
piece of wire which cracked during rolling. Figure 4.11 (bp®&'s the same
region after the heat treatment. Here the crack is furthegldped and the
MgO formed is seen as a white cloudy mass. For wires and tapesut-
face cracking during rolling arises mainly due to work hauidg and/or
sheath thinning. By selecting tubes with proper wall thiessy optimizing
the initial powder packing density and controlling the areduction rate
during rolling etc we could solve the sheath cracking probtempletely.
For tapes, in addition to the surface cracking, there wa® exgcking
also. This generally occurred during initial stages of ftdlimg, where the
cross section of the conductor starts to change from cir¢oll@ectangular.
This problem also was solved by controlling the rolling paesers such
as rolling speed and area reduction ratio per pass etc. Fomaces and
tapes the cracking tendency was higher for multifilamentggmetries.
The problem of cracking was more in lower grooves.

In the case of multifilamentary conductors the ductility méch be-
tween Fe, Cu and Ni also caused rolling problems. These ialsteton-
gate differently during the initial stages of rolling. Thetial 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 photograpken

on electrically self-heated sample). Here the crack is further develapedhe
MgO formed is seen as a white cloudy mass.

elongation results non uniform properties at both the ends)pared to
the middle of the conductor. As the rolling progresses tlaenditer of the
composite tube gets reduced and the whole composite ekmtajether.
In order to account this, a portion of both ends of the rolledductors
were cut before heat treatment. The end sealing of condubtdfore heat
treatment also raised some hurdles. Fe is easily weldakle Whand Cu
are not. A capping technique is used to perfectly seal the.dndhis, the
ends of the conductors were inserted to suitable iron tubskart length
and mechanically fixed with the conductor and then ends oif timetubes
were welded. Figure 4.12 shows schematic illustratione@ftroblems as
described above.

Nonuniform rolling
Surafce cracking Edge cracking of different metals

Figure 4.12:Schematic lllustrations of some of the problems faced during rolling.
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1mm

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 MgB, conduc-
tors

Figure 4.13 shows the SEI SEM images of a mono filamentary (&jre
and tape (b). The images also show distinct and clear shedthae as
observed in the optical micrographs. Figure 4.13 (c) shdwesenlarged
view of the core of the wire. The image shows large pores inctire,
characteristics oin situ synthesized MgR caused due to the low green

Figure 4.14: Optical micro graphs of multifilamentary MgB-onductors (a) 4
filament wire (b) 8 filament wire and (c) 4 filament tape. Dimensions : OD1=
mm for wires and cross section =41 mn¥ for tape.

84



4. Preparation and characterization of MgBires and tapes 85

density of the mixtures and the volume shrinkage during MfgiBmation.

Figure 4.14 shows the optical micrographs of the cross@estf some
of the monofilamentary and multi filamentary samples. Theogiaphs
show the MgB core distinct and clear in both mono and multi. The outer
sheath, superconducting core and the metallic matrix agglglvisible and
distinguishable. The core-sheath interface is observée wistinct, indi-
cating the non-reactivity of the core with sheath metal. Thewires are
also clearly visible without any significant diffusion bet@n the different
metals. No cracks or non uniformities were observed andrtescsection
of the wire and tape are almost circular and rectangulaectsgly in the
micrographs.

Optical microscopy measurements, taken with the help ofaéeduuilt
into the eyepiece, were used for the exact estimation of andesheath
cross sectional areas of mono/multi filamentary wires&aper both mono
wires and tapes, MgBcore hasv 25% and the Fe sheath hasr5% of the
total cross sectional area respectively. The relativescsestional area of
MgB., core for mono filamentary wire and tapes are shown in figurg.4.1
For a typical multifilamentary conductor the cross secti@maa~ 10%
for MgB, 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 MgBore (in percentage) for mono
filamentary wires and tapes for different diameter and thickness.

The powder XRD pattern of the ground MgBore of a monofilamen-
tary wire is shown in figure 4.16, as a typical case. CrystallMgB;
with minor amounts of MgO is observed in the samples. Unlix@e of
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the earlier reports no peaks of Fe containing phases such,Bsphases

are observed in the samples. This shows the non-reactiiityeosheath
material with the Mg/B powders at the reaction temperatiitge quality
(crystallinity and phase purity) of MgBformed in the wire/tape is as good
as that of MgB bulks prepared by PIST method as discussed in chapter 3.
Calculated lattice parameters of the prepared MgiBes and tapes were
consistent with the values observed for bulks.
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Figure 4.16:Powder XRD pattern of the ground MgBore of a monofilamentary
wire.

4.6 Superconducting properties of MgB con-
ductors

Figure 4.17 and 4.18 show the resistance versus tempergltseof a
mono and multifilamentary wire and tape samples. Inset offithees
show the enlarged plots near the transition region. Bothaveord multi
wire and tape have sharp transition at around 39 K. Mono fitdarg con-
ductors have a transition temperatufie) in the range 38.2-39.0 K with
transition widthATc < 1 K. For multi filamentary conductors tfie: was
in the range 38.0-38.5 K with transition widthT¢ < 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.

constantT¢ and low ATc values of the wires/tapes as those observed in
bulk samples indicate the good quality and homogeneity ®ftipercon-
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 4.20:1-V plot of a typical monofilamentary MgBFe wire (1.33 mm di-
ameter) at different temperature.

Another important task is to find the current carrying caligbof the
prepared conductors. The measurement of transport cyprepérties of
MgB, conductor is difficult especially at high currents (in siédfd). The
rapid warming of the current contacts may cause a prematigealp and
subsequent burn out of the sample. In cases when very higentsirare
passed the contact, especially the solder joints meltsur&ig.19 shows
the photograph of such a sample where the contact is brokaa. cilir-
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 (cryocooleetiasere done
at relatively high temperatures to restrict the currentie Values, other
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wise the heat generated at the current leads and contactstheattansport
measurements difficult in the conduction cooling system.

Figure 4.20 shows the |-V characteristics of a monofilanmgnitégB,
wire at different temperatures. The sample had a length it and
~ 1.33 mm diameter. The wire had a MgBore of ~ 0.68 diameter.
the sample was heat treated at 68Dfor 1 hour. The |-V measurement
is done at 28, 30, 31 and 32 K using a closed cycle cryostatrente
sample is cooled by conduction. Current is passed througkample for
few seconds and the corresponding voltage drop across &gap @ cm is
noted and then the current was switched off for few secondsnove the
heat generated in the current leads. The wire showed aatriticrent of
~91Aat28K,85Aat30K, 75 A at 31 Kand 56 A at 32 K respectively.
Table 4.3 shows the corresponding critical current dersityengineering
current density for the sample. The sample have a engirgeetirrent
density of more than f0Acm—2 and critical current density of more than
10* 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 I¢c Je Jc
(K) (A)  (x 10 Acm—2) (x 10* Acm—?)
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 nfildinentary
wires and tapes at 30 K. The corresponding engineering @mhtcurrent
densities are tabulated in the inset of the figure. The wiesg 1.6 mm
diameter and 5 (for MW1) and 8 (for MW2) superconducting filataen
The tapes measured have cross sections«3120 and 2.6x 1.1 (in mm)

2During the undesirable quench the measured parameters mag et intrinsic property
of the conductor. It has also been suggested that some ofghe fsharp transitions) values
measured arise due to the heating during the 1-V measurem#er than the intrinsic value
[170]. In order to avoid these difficulties it is a generalgiiee to measure the transport
properties at relatively higher temperatures or higheriaggields [171-174].
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90 4. Preparation and characterization of MgBires and tapes

and 4 superconducting filaments. Sample MW1 has a sharpttoemat
around 96 A, while the 8 filament multifilamentary wire of sa@Pb has
a less sharp transition at around 80 A. The tape samples k&at@ely
lower | ¢ andJc values compared to the wire samples.

T T T T T T T T T T T T
1ar MW1 (5 filament, 1.6 mm OD)—e— ]
MW1 (8 filament, 1.6 mm OD)—=—
12+ MT1 (4 filament, 3.2 mm X 1.0 mm)—— 4
MT1 (4 filament, 2.6 mm X 1.2 mmj)—v—
l - -
2 0.8 |-sample Ic I Je |
% (A) (AIsz) (Alcmz)
8 x10°  x10*
S 06 ]
> MWL 96 48 41
MW2 80 40 29
04 FwMT1 72 23 2.3 E
MT2 44 15 17
0.2 B
0 - -
1 1 1 1 1 1 1 1 1 1 1 1

20 30 40 50 60 70 80 90 100
Current (A)

Figure 4.21:-V plot of typical multifilamentary MgB conductors at 30 K.

4.7 Continuous current characteristics of mul-
tiflamentary MgB , conductors (In helium
vapour)

In the present work transport current measurements of thg,Mgnduc-
tors were done using a closed cycle cryocooler based ctymdtaa liquid

helium cryostat. In the cryocooler based measurementsathels was in
a vacuum chamber and was cooled by conduction. In the licglidrn de-
war or cryostat, the sample was in liquid or vapor helium aiag sooled
by the direct contact with liquid or vapor helium. In the ccpoler mea-
surements transport currents were passed for short dusaiidy, while in
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the liquid helium cryostat measurements the transporeatsmwere passed
continuously, with different ramp rates. This section dibss the results
and analysis of continuous transport current measurendents in liquid
helium cryostat. All the measurements were done at the sapéuctor
and magnet division, Institute of Plasma Research (IPR)dGiaagar.

N )

N at 6.7 K (C)

.

\ 254
* 0.25A/8
| * 0.5A/S
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~ * 3.0A/8 .
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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 ddferent
current ramp rates.

Figure 4.22 (a) shows the I-V plots of a multifilamentary vatelifferent
temperatures. Figure 4.22 (b) shows the plot of criticatenir( c) versus
temperature for the sample. The measurements were donecwitbnt
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 solderedemtitdle
of the sample with a gap of 6.5 cm between them. The samplesshow
relatively sharp transition at lower temperatures, buttthasition is less
sharp or slightly broadened at higher temperatures. In-Wiglot at 6.7
K, the voltage across the voltage tap increases sharplyeabel A. And
thus 151 A is taken as tHe of the sample at 6.7 K. The sample Has
of 151 A 6.7 K, while at 23.6 K the value ot is decreased to 68 A. The
value ofl¢ of the sample decreases almost linearly with the temperatur

In all the I-V plots, before the sharp rise in the voltage (arrents be-
low I¢) a current depended linear background voltage is obserVais
background voltage observed is due to the current transébtem [pages
307-317 of ref: 175]. In principle, for currents far belovettritical current
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92 4. Preparation and characterization of MgBires and tapes

the voltage should be close to zero. This background voltdgerved in
the samples is due to the current sharing problem betweesutercon-
ducting filaments and the metallic materials (sheath, maftrd stabilizer),
and the problem of current transfer needs special attefdiche develop-
ment of MgB, conductor.

In a sheathed conductor, the transport current has to pessgththe
contact materials (current lead and solder) and also tlrdlig metallic
sheath before entering into the superconducting core. €hetpation of
current from the outer core to the superconducting core é@ppver a
length, depending on the nature of the sheath material anéhtarface
between the sheath and superconductor [176, 177, and p@§e8®& of
ref:14]. such a current transfer is accompanied by additivoltage close
to the current contact [178, 179].

Figure 4.22 (c) shows the I-V characteristics of the wire sueed with
different current ramp rates at 6.7 K. The background veltalgserved is
independent of the current ramp rate at all the temperatdusthe onset
of sharp rise in voltagd ¢) shows some dependence with the current ramp
rate. In general the value o¢ is slightly higher for measurements done
with higher current ramp rate. This is behavior is obsen@dieasure-
ments done at other temperatures also.

Two more multifilamentary samples (one wire and one tapeg\weza-
sured for analyzing the transition details. The detailsamfigles are given
in table 4.4. The samples used had four MdiEaments and voltages from

3In a straightforward model of a joint between a metal lead andpereonductor the
current in the lead decays exponentially [179, 180] and theeat transfer length is approx-
imated as the ratio between the transverse matrix to filameistaese and the longitudinal

matrix resistance. So that
N = Rb Xty
Pn

where R, is the resistance per unit area of the matrix-supercondimtenface and,t is the
interface thickness ang,, is the longitudinal resistivity of the matrix (sheath). Frdis
equation it is clear that the current transfer length ineesawith interface resistance and its
thickness, which are much higher in the case of multifilamertanductors. For a typical Fe
sheathed mono filamentary MgBonductor the current transfer length will be several (1-4)
milli meters [178, 179]. For a multiflamentary conductor (asigd here) there are materials
with different resistivities and different interfaces, nrakthe current transfer from the outer
sheath to the superconductor much more complex.
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4. Preparation and characterization of MgBires and tapes 93

two sets of taps from each sample were monitored for studyiagature
of transition.

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

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

MW wire ¢=2.1mm 10.5 6.0 10.0

MT tape 3.0x 1.2 mn? 7.5 3.7 7.0

Figure 4.23 shows the |-V characteristics of the MW and MT glas
at 15 and 21 K, respectively. Figure 4.23 (a) shows the I-\splo linear
scale and, while figure 4.23 (b) shows the same with the y &gigage) in
log scale. For both the samples current is charged atA/s. The sample
MW shows a sharp transition at 208.4 A (at 15 K). The trangifioint
is same (208.4 A) for both the voltage taps having gap 6 andvi,taad
the voltage rises sharply for both the taps above the tiansithe similar
response in both the voltage taps indicates good superctingthomo-
geneity along the length of the sample. For the tape samplégdhsition
is less sharp compared to the wire. The transition (voltés started at
around 110 A in both the voltage taps and the slop of the cuneaged
significantly around 150 A.

T T
MT tap 2 (21 K) —4—
1.2 MTtapl(21K) = —
| MWtap2 (21 K) —&—

MW tap 1 (21 K) —¥—

14

0.8
0.6

. () )
a,
0.2

Voltage (V)
Voltage (V)

|
0 50 100 150 200 0 50 100 150 200
Current (A) Current (A)

Figure 4.231-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 theent de-
pended voltage below the sharp rise in voltage. The valubaaéground
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94 4. Preparation and characterization of MgBires and tapes

voltage were more in tap 2 for both the wire and tape sampldgs i$

expected as the tap 2 has large gap between them and arecctbsectir-

rent contacts than tap 1. So that the current transfer arexifwith 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. Legead<Carrent,
V1: Voltage at tap 1, V2: Voltage at tap 2 and T: Temperature.

Figures 4.24 (a) and (b) show the transport current, voleagess the
two voltage taps on the sample and the sample temperatungdioe mea-
surement for the wire and tape samples respectively. Therwalues are
shown in multiples of hundred for clear visibility. For batme wire and
tape the two figures show identical behavior (except theegbf the pa-
rameters). Considering the plot of wire sample, the samme/ed arl ¢ of
208.4 A as shown in |-V plots. At this value of current the agke across
of both the taps raised sharply. The current sources voltageshown
here) also rose suddenly for this current and as the powen\supltage
reached a preset value (8 V in this case) the current is causdimatically.
Consequently the voltages across the two taps decreased.

The temperature of sample was 15 K at the start of currengaigand
the temperature linearly increased with current upt208 A. At this cur-
rent the sample temperature was 16 K, 1 K above the startingdrature.
This increase in temperature is due to the current sharitly resistive
matrix and insufficient thermal stability of the compositsnductor. The
current passing through the normal resistive layers neactirent con-
tacts (within the CTL) generates heat. This heat generatidhe ends of
the composite can cause undesirable quenching of the sunierctor at
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transport currents much lower than the current it can algtaalry. In the
present case, at the onset of transition (around 208 A) tinplsatemper-
ature is 16 K and then there is sudden increase of tempefayure2 K.
The sample showed increased temperature even after trentigiturned
off and the temperature settled at 4 K above the temperaaiceetransi-
tion. This shows the sudden quenching and rapid warmingeosémple
at around the current of 208.4 A.

For the tape sample the rise of temperature was even highendxhe
guenching the temperature of the increased from 21 K to 42TKis is
above the transition temperature of MgBOne thing here to suspect is
whether the observdd is a true critical current of the sample or a reduced
one due to the temperature increase (insufficient crydatgbiThese re-
sults clearly shows the insufficient thermal stability o threpared mul-
tifilamentary MgB conductors. For the practical use of multiflamentary
MgB, conductors the thermal stability has to be ensured and ibese
great need for further research to address this issue. Aenaabearlier
for the above wire and tape samples the relative area of MgBe is~
10% and the area of Cu thermal stabilizeri8%. The low thermally and
electrically conducting Fe and Ni occupy a significant petage of the
area of the crosssection (82%). This is the reason for the in sufficient
thermal stability of the conductures. Future research feisbcussed on
increasing the Cu and Mgharea fraction without sacrifising the strength
and quality of the conductor.

4.8 Preparation and characterization of MgB
conductors by electrical self-heating

In the electrical self-heating method sheathed Mg8nductors were pre-
pared by heating the conductor using electric currentéeiC or AC), in-
stead of the regular furnace heating. For the electrickhsslting method,
mono filamentary wires/tapes were rolled as described tioset.3. These
fabricated wires were then subjected to electrical seditihg 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 aBoutm was
held horizontally through the axis of a tubular thermal Iasor (inside
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96 4. Preparation and characterization of MgBires and tapes

diameter: 2.5 cm) fabricated from alumina fiber board andethés of
the sample were connected to the current source throughgsaonmable
temperature controller, a thermocouple which was kept etntiddle of
the sample to monitor the temperature. The sample was hbgtpdss-
ing a suitable current through the sample, either manuakytomatically
through a PC interface. A schematic diagram of the set up fasediectri-

cal self-heating is shown in figure 4.25. Figure 4.26 showgtiotograph
of the set up used to electrically self-heat samples of led§t30 cm in
air. The thermal insulation is removed for clear visibilitithe sample.

Current Programmable
temperature controller

@ Sample @Current contact
(3) Thermal insulator (4)Thermocouple

Figure 4.25:Schematic diagram of the preparation of Mg&nductors by elec-
trical self-heating method.

Figure 4.26:Photograph of electrical self-heating of a Mg&nductor.
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4.8.2 Results and discussion

The results of two monofilamentary wire samples, SW1 with OD.E 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 sheatBpdvien
fraction is around 80:20. The sample SW1 was heated at T5for 15
minutes and SW2 was heated at 7@ for 30 minutes. The figure 4.27
shows power schedule for sample preparation for the twac&pmiases.
For SW1 the energy required for one typical experiment isredtd to be
about 60 Whr only, of which about 30 Whr (7 ¥ 17 A x 0.25 hr) is
used for soaking for 15 minutes and 30 Whr is used for contidikating
and cooling. The time required for one experiment is typycéb minutes.
For SW2, the total energy required is about 70 Whr, of whicd5 Whr

is used for soaking at 700C for 30 minutes and the remaining 25 Whr is
equally shared for heating and cooling. The total time takerSW?2 is
one hour. Evidently, the ESH method is highly energy effic@nce the
electric power is used only for heating the sample alone.

120 //“ %
100 K}& -
T
i |
Ay Lo
20

j SW1 (1.1 mm OD), length 40 cra—e— \
ok SW2 (1.5 mm OD), length 20 cra—a—

1 i i
0 10 20 30 40 50 60
Time (minute)

Power (W)
D
o

Figure 4.27:Power schedule for typical electrical self-heating experiments.

Figure 4.28 shows the XRD patterns of the wire samples SW1 W12l S
prepared by electrical self-heating method. The XRD pasteeveal that
almost phase pure MgBs formed in the samples with very sharp and
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strong peaks comparable to that observed in furnace hetédrevire/ tape
samples. No peaks of B8 phases are observed here also suggesting that
the sintering temperature used here is suitable for thedtom of MgB,
wires with little or no reaction between Fe and the superootat matrix.
Calculated lattice parameters of the prepared MgBre obtained aa =
3.086+ 0.002 A andc = 3.524+ 0.001 A, which are consistent with
values observed for bulks and other furnace heat treatetlictors.

3 Peaks of MgB are indexed
¢ MgO
£
B 5
g 3
&
2 g
‘@ = =2
2 g J
g5 _— sw2
L\JL.JM swi
20 30 40 50 60 70 80

2 theta (degree)

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 fo
the samples are also shown in figure 4.29. The sample SW1 hiasizelg
low I ¢ due to its smaller cross section. These transport propetecom-
parable to those of samples prepared with furnace heattegat Thus it is
demonstrated for the first time that good quality Mgi®nductors can be
prepared by a simple and energy efficient electrical sedtihg method.

The electrical self-heating produces good quality MgBnductors with
crystalline and superconducting properties as good as thifldarnace heat
treated samples. Most of the electrical self-heating ®githare done with
DC power source. However since AC power source is cheaparsthef
AC source is also carried out and the results are found to dtichl as
that of DC power source.
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Figure 4.291-V plots of samples prepared by electrical self-heating method.

The electrical self-heating method has many advantagds asidess
power consumption, short preparation time, less preparatost due to
the avoidance of special furnaces with inert gas atmospfidre method
is highly suitable for processes wherein rapid heating ofing is essen-
tial. It is possible to translate the method into a contirsubot rolling
process with an array of groove rollers initially for wire kirag followed
by a pair of rollers at the end to which electrical power carsbpplied
directly. Thus from an industrial point of view the preserdgthod is more
economical and easy for continuous production of sheathgigMonduc-
tors.

4.9 Summary and conclusions

A systematic study on the chemical computability of diffdresheath ma-
terials with Mg/B is conducted and based on the results osthey, Fe is
selected as a suitable sheath material for the MgBe and tape prepa-
ration. Fe sheathed MgBwires tapes were prepared bysitu Powder-
In-Tube method in mono and multiflamentary geometries. pitepared
multifilamentary wires were characterized for phase puaity supercon-
ducting properties. The prepared multiflamentary conalgchave good
transport current carrying, comparable to the internatigrreported for
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MgB, conductors. A simple and energy efficient electrical seliting
method is introduced for the preparation of Mg&nductors.
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Chapter 5

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

For technological applications of MgBsuperconductor, enhancement of
both the in-field critical current densityy{(H)] and upper critical field
(Heo) are essential. MgBhas highJc values in self-field, typically 19

10° Alcm? at 4.2 K and 16-10* A/lcm? at 20-30 K [12, 133], however
the Jc falls sharply in applied magnetic fields, due to weak flux pign
and low upper critical fieldHc,). In the recent years, significant research
is being continued and various techniques have been decklfgy the
improvement of flux pinning and hende(H) andHc, of MgB,. Section
1.9 of chapter 1 discusses these issues.

Lattice defects and inclusions of suitable size can actt@nge vortex
pinning centers [126] and improves the high field perforneaotMgB,
considerably. In MgB, since lattice structure is rather rigid and the num-
ber of elements in the structure is only two, the density décks intro-
duced by general preparation procedures is too low to pefigctive flux
pinning. In pristine MgB flux pinning is mainly provided by grain bound-
aries. For effective pinning, lattice defects or inclusi@an be introduced
by a variety of methods like thermo mechanical treatmentadiation of
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102 5. Enhancement of in-field critical current density of Mgy selective chemical addition

high energy particle and chemical doping etc.

Irradiation of high energy radiation introduces atomidsckfects (point
or extended) and improves the high fidlg of MgB, considerably [127—
129]. Though thelc andHc; increase, the irradiation technique is not
easily scalable for large scale production of long lengthdemtors. On
the other hand chemical doping is considered to be the masdsand
preferred method for the introduction of pinning centerpriactical super-
conductors.

From metallic LTS to cuprate HTS, chemical substitutioditidn has
been a major approach to improve their superconductinggpties. Chem-
ical substitution is easy, favorable for large-scale potidim compared to
other methods used to improve the superconducting preger@hemical
doping, like in other superconductors is an effective araladiie method
for modifying the properties of MgB Based on the nature of the dopant,
it can cause substituition at Mg/B site, or react with Mg/Bdom reacted
secondary phases or can be included in the superconductdxk mvih-
out any chemical reaction. All these defects can act as florgus and
can increase thElc, andH;, values and hence enhance the in-figddof
MgB..

The final properties of added MgRlepend on the chemical nature of
the additive, method of introduction and its distributionthe supercon-
ductor matrix. Various nano/submicron particles and ni@teincluding
metallic elements, carbon (in variuos forms like nanopawdeanotubes,
graphite and diamond), carbides, silicides, nitridesjdas;, oxides, and
some hydrocarbons have been introduced in M(g&e the recent papers
and reviews [84, 85, 130-134] and references therein). eradditives
improved the flux pinning andc(H) of MgB; to different extents. The
better results are achieved for C based additives like ngndiatnond,
graphite, CNT, SiC, BC and hydrocarbons [84, 85, 130-134]. This is
mainly due to the substitution of C at B siteshich induces lattice disor-
ders and strains, modifies tleeand « band scattering and enhances the
Hc2 of MgB; significantly [69, 181]. Besides thdc, enhancement, the

INumerous attempts were made to substitute other elements fond/ig i MgB,. How-
ever, MgB has not accepted substitution by other elements except AaiMdrSc for Mg site.
All these substitutions resulted in a reductionTef of MgB, without any considerable im-
provement orc.
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lattice distortions/defects and strains caused by C duligin improves
the flux pinning strength also.

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

All the samples were prepared by the situ Powder-In-Sealed-Tube
(PIST) method as described in chapter 3. The superconductiarac-
terizations (DC magnetization) of the samples were donegusiSQUID
or VSM based PPMS in collaboration with RRCAT, Indore and A$R,
Bangalore. Microstructural analyses were done at NIISTigugiowder
XRD, SEM, TEM and EDS measurements.

5.1 Influence of nano rare earth oxide (TRO7)

For most of the cuprate based HTS materials addition of raurth éased
materials is found to have strong influences on crystallimerostructural
and superconducting properties. Since RE ions are largerhe?”, they
are likely to increase axis length if they are incorporatethie lattice of
MgB.. From the pressure dependence of axis lengthsTandf MgB.,
this can increase th&c [80, 182]. However the substitution of trivalent
RE ions for M@* can decrease the hole density of states (DOS) at the
Fermi level of MgB and can decrease tfig, as in the case of Al doping
(see the extensive review [80] and references therein).themngossible
effect of RE doping is a change in critical current densitythéugh the
predominant pinning center in MgBs thought to be grain boundaries, it
has been reported that additions of REO introduce REEBREB; particles
in MgB; grains, which would act as pinning centers.

Addition of nano and submicron particles of rare earth oxi(RE ox-
ides) such as ¥O3, Dy,03, Ho,O3 and PgO;; are found to increase the
flux pinning inin situ MgB,. Wanget alfirst reported the improvement of
Jc(H) of MgB; by nano particles of ¥O3; addition. The addition resulted
precipitates of nearly 10 nm size at the grain boundariesxaady 3-5 nm

103
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sized precipitates uniformly distributed in the MgBrains, which acted
as pinning centers. Followed by this, Chenal reported improved flux
pinning using submicron sized B@; as the additive.

Based on these backgrounds, the possibility of RE sulistitirt MgB,
is explored, and the influences of REO addition on the lafim@ameters,
Tc andJc are also investigated. Nano fJ®; was chosen as the rare earth
oxide and the choice was quite arbitrary.

MgB, + x wt.% of nano TRO; (wherex=10, 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,Ob (< 60 nm, 99.5%) as start-
ing powders and heat treatment at 8@ for 2 hours. The samples pre-
pared with 0, 1, 5 and 10 wt.% of }0; are named as MBTBO, MBTB1,
MBTB5 and MBTB10 respectively.

5.1.1 Results: Superconducting properties

Figure 5.1 shows the field dependence of magnkticlc(H)] of the sam-
ples at 5 K, deduced from M-H data. At lower fields the estioratf Jc

is not accurate due to flux jumps. Thg(H) is enhanced for all the added
samples compared to the undoped sample for the entire fietlidy. At
low fields the improvement idc(H) is higher for samples with lower
amounts of ThO; addition, but at higher fields the sample with higher
amount of ThO7 addition show bettedc(H) performance. As shown in
the table 5.1, at 5 K and 6 T tlie of undoped sample is 1.6 10° A/cm?,
while it is 2.6 x 10° A/lcm? for the 10 wt.% TRO; added sample. The
Hir, determined by the linear extrapolation to zero for the Highl low
Jc segments of the Kramer curves is also improved for the adaiegles,
as shown in table 5.1. At 5 K thid;, value of undoped sample is 7.5 T,
while for the 10 wt.% ThO; added sample itis 8.1 T.

Table 5.1:Superconducting properties of the nana®padded samples.

Sample Tc Jc at 5 K (Alen?) Hir at5 K
(K) 3T(x10) 6T (x109)  (T)
MBTBO 38.6 4.6 1.6 75
MBTB1 38.8 6.6 2.4 7.9
MBTB5 38.5 6.9 2.5 7.9
MBTB10 38.6 55 2.6 8.1
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Figure 5.1:3c(H) curves of nano THD; added samples.

The normalized flux pinning force densiBs/Fpmay, WhereFp = Jc(H)
x uoH) as a function of applied magnetic field is plotted in figurg.5.
The flux jumps at low fields have marks on the shape of theseesurv
also. From the figure it is clear that the added samples hawenead flux
pinning compared to the undoped sample. However the samBIlEBY
showed the maximum dfp/Fpmax at higher fields and the peak position
of Fp/Fpmax 0f MBTB10 is at comparatively lower fields. But at higher
fields theFp/Fpmax 0f MBTB10 is higher compared to all other samples.
This discrepancy in the position of maximumB$/Fpnax may be related
to the grain connectivity problems and consequent reddged low and
medium fields in MBTB10 as seen in tdg(H) plots. The improvementin
Jc(H) in higher fields andH;,; 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 tempeamtange 5
to 50 K, taken at 20 Oe are shown in figure 5.3. The samples shaip s
superconducting transition witlhic around 38.6 K and\T¢ < 1 K. No
considerable variation df¢ 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 ThO; added samples.
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Figure 5.3:ZFC M-T plots of nano ThO; added samples, taken at 20 Oe field.

that the RE is not substituted either at Mg or B site. The iasily

Tc and smallAT¢ values show that the samples are of high quality and
identical with respect to stoichiometry, lattice straimglghe electronic
states in the superconducting B planes.
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Figure 5.4:Powder XRD patterns of nano 70; added samples.

5.1.2 Results: Structural properties

Figure 5.4 shows the XRD patterns of MgRiith different amounts of
Th,O7 additions, heat treated at 80C for 2 hours. MgB is the main
phase, with a trace amount of MgO, observed in all the sample§ b,O

is observed even for the 10 wt.% addition. Tb&d ThO; are found,

in increasing amounts with increasing 40y additions, in all the added
samples. The peak intensities of Mg8re reduced in added samples, in-
dicating that the undoped sample has better phase puritgrgathllinity.
The presence of ThBand ThOj; indicates that some of the added,Th
decomposed and reacted with B at the heat treated tempeeralso for
other RE oxide additions in MgB their respective borides (Y3 DyB,,
HoB4 and PrB in Y,03, Dy,03, Ho,O3 and PgO;; additions, respec-
tively) are formed and their amounts are found to increadf the in-
crease of added RE oxides [146—149]. The volume percentalyl©

in the samples is assessed from the Xray peak intensitieshanealues
are 1.5, 1.8, 2.5 and 3.6 % for MBTBO, MBTB1, MBTB5 and MBTB10
respectively.
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Table 5.2:Structural parameters nano [ added samples.

Sample a c FWHM (degree) of the peaks  Density
A A (002) (110) gent 3
MBTBO 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 maxn standard
deviation forais 0.002 and focis 0.003. The value ad decreases slightly
andc increases slightly with the addition. However the very drolahnge
in the lattice parameters may be due to the strain inducech&ynéno
particles, rather than a substitutional effect or strutehange, as sug-
gested by Wangt al [147] for the Y,O3 addition. The FWHM of (002)
and (110) peaks of the samples are shown in table 5.2. Themmaxi
variations in the FWHM values are 0.008 degrees. FWHM of both the
peaks decreases significantly with doping, except for thgptes MBTBL1.
For MBTB1 the FWHM of both the peaks are significantly largemeo
pared to other samples. The sample showed finer and lowet giains
in the SEM image, which is in agreement with this FWHM valuesttice
strains, resulted from the nano particle addition also leaveributions to
the significant increase of FWHM of the sample. The geométieasity,
also shown in table 5.2, of the samples improved with Gzbaddition.
Undoped sample showed the minimum density with only 50 % eftie-
oretical density of MgB.

Figure 5.5 shows the secondary electron SEM images of tleeufed
surfaces of the samples. All the samples show randomly texdelmexag-
onal MgB, grains of varying size. The homogeneity of microstructgre i
more for undoped sample, and it decreases with increase 6, Tdddi-
tion. Undoped sample has grains of average size:m1Sample MBTB1
show much finer grains, and this is in agreement with the FWHblts.
For samples with higher amounts of additions the grain sigeeases with
increasing ThO;, which is also in agreement with the FWHM results.
Some less crystallized (amorphous like) regions are obddnvthe added
samples, which increased with increasing amounts @OFb
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Figure 5.5:SEI SEM of nano ThO; added samples.

5.1.3 Discussion of the results

TheJc(H) is enhanced for all the added samples, but differentlyvatliod
high fields. Thelc(H) behavior of the samples can be explained in terms
of grain connectivity and flux pinning, due to the additiorrofa figures
5.4 and 5.5 (XRD and SEM) it is clear that the undoped sampebbtter
phase purity, crystallinity and homogeneity in the microsture. So the
observed enhancement in flux pinning and the supercondugstoperties
cannot be attributed to any improvement in any of the abowantifies.

In MgB,, grain boundaries are strong flux pinners and thereforectemtu

of grain size improves flux pinning and hence improves thesgnduct-

ing properties [122, 125]. Finer grains are observed forgesnMBTBO
and MBTB1 (undoped and 1 wt.% of J0; added sample). However
the observed enhancementJ@ at higher fields is for the samples added
with higher amounts of T/{D;. These samples have less homogeneous
microstructure and much bigger grain size.

As observed in the XRD patterns the amount of reacted phasbsas
TbB4, Th,O3 and MgO are higher in higher amount of ;i added sam-
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ples. These phases can be within the Mgatrix and at the grain bound-
aries. The increased MgO reducksin low magnetic fields, but improves
the Jc in higher magnetic fields [183, 184]. The increased amouhts o
reacted phases such as TbBb,O3 and MgO at the grain boundaries re-
duce grain connectivity and low fieli;, while these secondary phases act
as strong flux pinners at higher fields. This is why the sampBTBILO
showed reducedc(H) in low fields compared to MBTB1 and MBTBS,
but improved]c(H) in higher fields among the added samples. Thus in the
nano ThO; added samples the addition induced secondary phasessaffect
the grain connectivity and flux pinning, and the enhanced fimxing is

the reason for the enhancement in flké¢H) andH;,, of the added MgB
samples.

5.1.4 Conclusion of the addition

Nano ThyO; addition is found to be effective in improving the flux pingin
properties of MgB, without affecting theT¢ of the system. Better high
field Jc(H) is observed for 10 wt.% of Tj©; added MgB. The added
nanoparticles and the addition induced normal particlesisstrong flux
pinners and this is the reason for the improvement inJg@l) of the
added samples. Though the nano,@b addition improved thelc(H),
from a practical point of view the improvement is only moderéo 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 improvidg(H) was only moderate,
application of other categories of additives became nacgs€onsidering
the significant improvement dfc(H) by C based additives nano SiC was
chosen as the next additive. The benefit of nano SiC as anveddiffirst
reported by Dotet al[142] and is confirmed by many groups worldwide.

MgB; + xwt.% of nano SiC (wherg=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%) amstart
powders and heat treatment at 88D 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 18 and
15 respectively.

110



5. Enhancement of in-field critical current density of Mgy selective chemical addition 111

5.2.1 Results: Superconducting properties

Figure 5.6 shows temperature dependences of zero-fieldatamgnetiza-
tion for the undoped and SiC added samples in an externaldfidldo Oe.
Inset of the figure shows plots near the transition regibnis defined as
the onset temperature at which the samples exhibit diantiagreperties
and the measured valuesTof are tabulated in table 5.3. It is observed that
the undoped sample hasTg of 38.5 K, which decreases systematically
with increasing percentage of added SiC and the miniffigrabtained for
heavily added sample is 35.3 K. The width of supercondudtiagsition,
ATc of the samples (table 5.3) is found to increase systemigtiadth
increasing addition of SiC. This can be attributed to C stiigin which
reduces crystallinity of the B planes.
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Figure 5.6:ZFC M-T plots of nano SiC added samples, taken at 100 Oe field.

The field dependence fak, calculated from magnetization using the
Bean model, at 5 K and 15 K are illustrated in figure 5.7. At 5JK,
jumps abruptly at low fields where the estimatiogimay not be accurate
due to the flux jumpJc(H) behavior of all added samples is significantly
enhanced with respect to the pure sample and it is the besafoples S
10 and S 15 at higher fields. Compared to the undoped salggta 10
wt.% added sample increases by one order at 5 K and > 6 T andkat 15
and 6 T.Jc values for the same sample (S 10) are 5.40° A/cm? at 5 K
and 8 T and 1.8 10° A/lcm? at 15 K and 6 T. At higher levels of addition
the Jc(H) shows a saturating tendency with almost same behaviud for
10 and S 15. Théc enhancement indicates that addition of SiC increases
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the amount of pinning centers with respect to the undopeghkeam
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Figure 5.7:3c(H) curves of nano SiC added samples.
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Figure 5.8:Flux pinning force density versus applied magnetic field at 15 K for
nano SiC added samples.

The value o, determined from the Kramer’s curves for the samples
is shown in table 5.3. The value bf;; is higher for the nano SiC added
sample both at 5 K and 15 K. Figure 5.8 plots the field deperelehthe
volume pinning forcelp=Jc x H, of the samples at 15 K. At higher fields
the nano SiC added samples have significantly higleralues compared
to the undoped sample.

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

Sample Tc ATc Je (x 10° Alcm2) at5 T Hi (T) at
(K) (K) 5K 15K 5K 15K
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 2.1 235 4.9 10.5 8.1
S 10 36.1 2.3 23.6 5.3 11.2 8.5
S15 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 MgBmples shows that the
undoped sample consists of single phase of Mg#h a trace of MgO as
shown in figure 5.9. Peaks of two secondary phasesSiland SiC are also
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observed in the added samples. Quantitative phase anafybis samples
was also done from XRD data and corresponding volume pexgerf
MgB2, Mg,Si, SiC and MgO are tabulated in table 5.4. It is found that
increasing the SiC doping level resulted increasing thetivel amount of
non superconducting phases such as$1@nd SiC in added samples. This
indicates that some of the added SiC dissociated into Si amehthe Si
reacted with Mg to form MgSi while the C is incorporated into the MgB
lattice. No compounds of C with Mg or B are observed in the XRD.

T T L= T T T T
S eMgO = SiC v Mg,Si
Peaks of MgB are indexed
= S v =
= S ~ 3 5 ~
> = 8 T 82 5,8 &
o -3 . =~ 23 8~ © =2
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£
....JL\_‘../W S 05
N D W— s 02
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Figure 5.9:Powder XRD patterns of nano SiC added samples.

The lattice parameteesandc were calculated and the results are shown
in figure 5.10. The lattice parametefalls sharply for S 02 and S 05 sam-
ples and then shows nearly saturating behavior for S 10 arfsl l#itlno
systematic change was observed indhattice 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 otanted SiC is
higher for S 10 and S 15 which also implies a nearly saturagdavior of
C substitution in the MgBlattice.
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Table 5.4:Volume percentages of different phases observed in nano SiC added
samples.

Volume percentage of (%)

Sample MgB MgO Mg, Si 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
S10 70.92 1.37 22.28 5.43
S15 64.88 1.31 26.05 7.75

FWHM of peaks
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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 rimaxm
(FWHM) of (100), (101), (002) and (110) peaks of all sampleke Tata
shows a clear and systematic trend with doping. The FWHM of@08
planes has hardly any effect but the FWHMIokO)is the most affected. It
can be seen that the values of the FWHM increase gradually bipvtd%
of SiC and show a saturating tendency for the heavily addddagamples
similar to the variation o axis length. Both the observed resultsaoaxis
variation and the FWHM ofhkQ)are in accordance with most of the works
reported on the doping studies of SiC or C or other C basediaekland
is due to the C substitution at B sites.

In the hexagonal structupgd/mmm Mg atoms occupy the 1a site (0,0,0)
and the B atoms at the 2d sitg,,3). The reported works demonstrate

115



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

that C atoms preferentially occupy at the 2d site [69, 183jisTesults
in the contraction of inplane lattice, since the covalediiraf C is lower

than that of B and the availability one extra electron. Theda strains
consequent to the C substitution at B site is responsibl¢éhiincreased
FWHM of the SiC added samples. The reduction of grain sizeidseeed
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 élctufied
surfaces of the undoped and added samples. The undopecksshopis a
homogeneous microstructure with tiny and well packed hemabgrains
of average size m wherein the grain boundaries are sharp and clear. As
the level of SiC increases the sharpness of MgBain boundaries loses
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and the grains become finer. The samples added with 10 and.% wt
of SiC show significant difference in microstructure in caripon with
pure sample. The samples show a molten like grains withaarpstrain
boundaries. The presence of large quantity of impurity phas the sys-
tem possibly reduces the reaction temperature leadingetéotimation of
molten-like grains in heavily added samples. Although thle of SiC for
the formation of these molten-like grains is not fully urgtend at this
stage, its clarification may give some insight into the int@oce of SiC in
MgBZ

C Si

Intensity (arb. unit)

S 10 : Bright field TEM S 10 : Dark field TEM

cu

0 1.0 2. 5.0 6.0 7.0

.0 3.0 4.0

Energy (KeV)
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 shiow
figure 5.12 and EDS analysis of same sample also given in thgeniThe
images show nano scale inclusions (10-20 nm) within the MgBins.
These uniformly distributed nano size impurities with stoenparable to
the coherence length of MgRan pin the flux lines within the grains. EDS
analysis of the selected area confirms the presence of Mg, 8i,&d O.
Analyses of XRD and EDS results suggest that the nano pstigithin
the grains are Mgfi and SiC. These provide effective pinning at all the
temperature up tc.
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5.2.3 Discussion of the results

The addition of nano SiC is found to be very effective in impng the
high-filed Jc of MgB,. The enhancement gt is so strong that the values
of Jc is enhanced by more than one order of magnitude at highes field
temperatures. The enhancemenigH) by nano SiC can be explained by
the dual reaction model proposed by Defual [131].

According to the dual reaction model [131], the nano scafe 18acts
with Mg at a temperature as low as 660G to form MgSi, at the same
time releases free atomic scale C as described by the reactio

SiC + 2Mg = MgSi + C

The formation of MgB begins to take place at round this temperature
and the highly reactive and free C can be easily incorpoiiatedhe lattice
of MgB;, via the reaction

Mg + (2-2)B + 2C = MgB,_,.C,

As a consequence of the dual reaction taking place at artenfdtma-
tion of MgB,, better C substitution takes place as well as the secondary
phases such as M§i, SiC or C and other Mg-B-Si-C-O precipitates can
be effectively embedded within the grains as nano inclissidine substi-
tution of C at B site at the time of formation of MgBnay reduce the grain
growth, resulting finer grains and hence increased graimdeny pinning
centers.

The substitution of C at B site is evidenced by the reduction® de-
crease of axis and in the variation of in-plane FWHM values. The reduc-
tion of grain size is observed in the SEM images as well asrgbdén the
increased FWHM values. The nano scale inclusions are clebdgrved
in the TEM images also. Substitution of C at B modifiesdhendr bands
of MgB, and hence their scattering rates. Thg, of MgB; is strongly
depended on andrw band scattering rates (both inter and intra scattering),
and the value oHc; in MgB, enhances significantly upon tuning of the
scattering rates. Thus the improvementhf, and better pinning by the
nano inclusions are the reasons for the observed significgrbvement
in the Jc(H) performance of nano SiC added samples. At higher levels of
SiC addition both the C substitution level (as indicateciand FWHM
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values) and thédc(H) shows some saturation tendency, may be indication
that C substitution has a major role than the nano inclusiortheJc(H).

5.2.4 Conclusion of the addition study

Nano SiC is found to be a suitable additive for improving tighHield Jc
of PIST MgB; significantly. Strong enhancementdf(H) of the order of
more than one order were observed for SiC added samplesrertiiglds
and temperatures. The addition of SiC caused considerablgo§litution
at B site, which is responsible for the strofg(H) improvements. Addi-
tional pinning centers are provided by the nano scale immhssof reaction
induced secondary phases.

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

Considering the significant improvementJg(H) by nano SiC addition,
burned rice husk (BRH) is explored as an alternative low cegacement
for the costly nano SiC. BRH is a nonconventional raw materieSiC
which contains ultra fine amorphous silica (gJ@nd carbon [186-188].
The ratio of SiQ to C in BRH can be controlled by controlling the burning
temperature of rice husk. The presence of amorphousg Bi@ matrix
of friable carbon, easy availability and low cost make BRHranpising
dopant for MgB.

The BRH used for addition was prepared by heating the rawhniirsk
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 powdé&r X{pec-
trum of the BRH powder which shows only a broadened peak 0£,SiO
indicating its amorphous nature.

MgB, + xwt.% 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 treaath8060
°C for 2 hours. The samples prepared with 0, 5, 10 and 15 wt.%R¥i B
are named as BRH 00, BRH 05, BRH 10 and BRH 15 respectively.
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Figure 5.13EDS 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 Jt calculated from magnetization loops at 5 K
is illustrated in figure 5.14Jc jumps abruptly at low fields~ 1 T) due
to the flux jump. The BRH added MgBamples show enhancéd vales
at higher applied fields, compared to the pure MgBEf all the added
samples the 5 wt.% BRH added sample gives the best perfomaamtthe
level of Jc enhancement in high magnetic fields is very similar to that of
theJc increase exhibited by nano SiC addition. For the undopegkaip
drops rapidly in the presence of magnetic field but for BRHeatlsamples
Jc values at higher fields increase by more than an order of ralmiFor
example thelc 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.% BBétlad
sampledc(H) is higher only for fields above 6 T, and below 6 T the sample
showed lowdc values compared to the sample BRH 00. This is due to the
higher amount of impurities and cosequent reduced graineivity of
the sample, as explained later in the coming sections otttapter.

ZFC magnetization measurements for the samples in an ekfegiul of
20 Oe is shown if figure 5.15 and the measured valudsadre 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 fasaf 38.51 K+
0.01 K, which decreases systematically with increase iradbfevel and
the minimumT¢ obtained for heavily added (15 wt.%) sample is 35.88
K. This is due to C substitution at boron sites which is caesiswith the
observed results on variation afparameter. The superconducting transi-
tion width for a 10% to 90% dropXTc ) is found to be increasing with
increasing BRH addition (table 5.5).

Table 5.5:Superconducting properties of BRH added samples.

Sample Tc ATc Jc at 5 K (A/cn®) Hir at5 K
(K) (K) 3T (x 10%) 6T (x 10%) )
BRHOO 3851 0.45 7.9 3.2 7.9
BRHO5 37.71 052 9.2 15.3 10.3
BRH10 3654 1.71 5.1 9.5 10.2
BRH15 3588 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 MgBamples with different lev-
els of BRH addition. The undoped sample consists of mainl8pjghase
with a trace of MgO whereas peaks of secondary phases sucly,M
Mg,Cz and MgO are observed in the added samples. Quantitativee phas
analysis of the samples was done from XRD data and corresmprdl-
ume percentage of MgB Mg,Si, Mg,Cs and MgO are tabulated in table
5.6. On increasing the BRH doping level, the relative amewifithon su-
perconducting phases such as 48y Mg,C3; and MgO are found to be
increasing. One aspect here to notice is the significane&se of MgO
phase as a result of the BRH addition. This is due to the adfditioxygen
available in the BRH to react with Mg. X-ray analysis of BRHgls a
broadened peak of amorphous silica (figure 5.13 inset). Rhamrabove
results, it is clear that in the added samples;Si@d C contained in BRH
reacted with Mg to form MgSi and MgC; respectively and the remaining
oxygen reacted with Mg to form MgO.

122



5. Enhancement of in-field critical current density of Mgy selective chemical addition 123

(101)

Peaks of MgB are indexed

eMgO =Mg,Cs v Mg,Si

BRH 15

Intensity (arb. unit)

BRH 10

BRH 05

BRH 00
20 30 40 50 60 70 80 90
2 theta (degree)

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 MgB MgO Mg, Si Mg,Cs
BRH 00 96.0 4.0 0 0
BRH 05 92.5 55 2.4 0.6
BRH10 885 6.0 4.7 3.8
BRH 15 80.2 7.8 9.6 2.4

The lattice parametesandc of the hexagonal MgBhave been calcu-
lated and their variations with respect to BRH doping level shown in
figure 5.17. There is a systematic decreasa akis with increase in the
dopant level. Value of axis remains almost unchanged by the BRH addi-
tion. The systematic shrinkage afvith increasing BRH doping is caused
by carbon substitution for boron and is explained in the @détg sections.
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Figure 5.17Lattice 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 seanthe
values of the FWHM sharply vary from pure to added samplespxoe
(002) peak. Because (100) and (110) planes reflect the naftimeplane
honeycomb boron lattice, the broadening of these peaksstgjthe oc-
currence of some distortion in the lattice due to C substituat B sites.
This result is consistent with the earlier reports in whibe FWHM of
these peaks has a positive correlation with the irreverdield Hj,) of
MgB.,, ie Hj increases with increasing FWHM [125, 189].

The microstructure of the samples was significantly affébiethe BRH
addition. Figure 5.18 shows the SEI SEM images of the fractsurfaces
of the samples. The sample BRH 00 shows hexagonal facetets gra
average size about Am, typical of MgB, grains. The sample BRH 05
also shows a similar microstructure with faceted grain®e Jamples BRH
10 and BRH 15 shows some distinct change in microstructures@ sam-
ples have a considerable area of impurity like regions assl tennected
grains. Figure figure 5.19 shows a high resolution TEM image the
corresponding EDS of 5 wt.% BRH added sample. In the TEM image
uniformly distributed nanoinclusions (10-20 nm) are digaisible within
the grain. EDX analysis revealed that the grain contains BJ¢;, Si and
O in accordance with the M&i, Mg,Csz and MgO phases observed in the
XRD results. the Cu lines observed in the EDS is from the sargpd.
These intragrain nanosized inclusions and the crystactieteeated by C
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Figure 5.18:SEI SEM of BRH added samples.

substitution serve as strong pinning centers to improveioxing.
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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 ang) show considerable amount
carbon substitution at the boron site, as expected. Signifenhancement
of Jc(H) is observed, especially at higher applied fields, for thél2@ded
samples. The enhancement due to BRH addition is compa@biattob-
served for nano SiC added samples. The enhancemégitdfin the BRH
added samples can be understood as a result of the carbaitigidrsand
due to the flux pinning at nano scale intra-grain inclusionf)e higher
wt.% BRH added samples contain a lot of impurity phases aisdgtihe
reason for their lowlc(H) performance.

5.3.4 Conclusion of the addition

Burned rice husk, containing fine amorphous silica and caibexplored
as an additive for effective carbon substitution for enlirgantheJc(H) of
MgB.. The BRH addition resulted in significant C substitution gsested
and consequently improved the high filégd of MgB, significantly. The
observed enhancement &f(H) due to the BRH addition is found to be
comparable to that of nano SiC addition. Hence BRH is foundet@n
effective and cheap additive for enhancing #l¢H) of MgB, supercon-
ductor.

5.4 Effect of combined addition of nano TiC
with nano SiC

According to Dotet al[130-132] the additives in MgBcan be categorized
into four groups. The first group includes additives like m&iC and
carbohydrates which can have both reaction with Mg/B andi&Stiution.
The second group includes materials such as nano C, CNT , gbdBich
can have C substitution without any reaction. The third growcludes
materials such as Si, Zr, Ti, RE oxides and silicides whiah resact with
Mg/B without any C substitution, and the fourth group in@sdnaterials
such as BN, MgO, which do not have any reaction with Mg/B noy an
C substitution. From the first group to fourth group the emeament of
Jc(H) decreases gradually.

Both SiC and TiC are highly thermally stable compounds. Widzted
into the Mg + B system, SiC easily reacts with Mg and releasss € at
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a temperature as low as 600-68D, which subsequently substitutes for B
in MgB, [131, 132, 190]. But TiC has no reaction with Mg/B for temper-
atures<850°C and the C substitution is comparably small [190]. Even at
higher temperatures in Mg + B system it reacts with B to fori,Jrather
than with Mg as in the case of SiC. Moreover Ti is found to be argr
refiner in MgB, [137, 191, 192]. Thus in MgBboth these carbides work
differently, have different reactivity with Mg/B and havéfdrent extent of

C substitution. Hence it is interesting not only to comparedoping effect
of SiC and TiC separately but also to find their combined ¢fied/1gB..

It is found that theJc(H) behaviour is highly enhanced for the codoped
samples compared to the undoped as well as the mono addekbsarite
crystalline and microstructural features of the matenedse investigated
to correlate with thdc(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 25 2.5
MBST 55 5 5

The undoped, monodoped and codoped samples were prepaied by
situ powder-in-sealed-tube (PIST) method, using Mg (-325 m@3818%),
amorphous B (-325 mesh, 99%), nano Ti€ §0 nm, 98%) and nano SiC
(< 100 nm, 97.5%) as starting powders. The samples were hagtdrat
850°C for 2 hours and details of the samples prepared and samplesna
are listed in table 5.7.

5.4.1 Results: Crystalline properties

Figure 5.20 shows the powder XRD patterns of the samples. JNyie
main phase, with a trace amount of MgO, observed in all theptesn
Boron rich phases such as MgBVIigB, are not observed in any of the
samples. Samples added with SiC showed considerable ambMu,Si
and minor quantities of unreacted SiC. For the TiC dopingeaeted phase
is observed and the TiC as such is observed as unreactedorfingtion of
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Figure 5.20:Powder XRD patterns of the nano SiC and nano TiC added samples.

Mg,Si in SiC added samples indicates the dissociation of theaBiCthe
reaction of Si with Mg at the synthesis temperature. In faigt decompo-
sition of SiC and the formation of M&i phase are reported in almost all
the SiC doping studies. SiC starts to react with Mg at a teatpeg as low
as 600°C [131-133, 190]. Besides the SiC doping, the,8lgis found
to form for most of the Si based additives, such as Si, séisjdilicon oil
etc on MgB [193-195]. As stated early, we observed no decomposition
of TiC and associated reaction of TiC with Mg/B at our synibésmper-
ature (850°C/2h). The detailed study of reactivity of various submitro
sized carbides on MgBbulks by A.Yamamot@t al[190, 196] shows that
TiC does not react with Mg/B upto 85, but C substitution at B site and
formation of small amount of TiBphase are found at 95.

The volume percentage of different phases formed in the snpas-
sessed from the integrated Xray peak intensities and idafsulin table
5.8. The undoped sample has the best phase purity and theshiglgB
volume fraction (98.3 %). The addition of SiC causes moresdary
phases, thus reduces the MgBaction, than the TiC addition. Minor frac-
tions of MgO are observed in all the samples which are almaosesn all
cases. The MgO formation may be due to the entrapped airdotferend
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Table 5.8:Structural properties of the samples: Phase analysis.

Sample Vol.% of different phases (%) Relative intensity  Digns
MgB, MgO MgSi Sic  Tic S0 2000 (glent)
MBST 00 98.3 1.7 0 0 0 0.306 0.078 1.39
MBST 50 79.0 19 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 55 721 1.8 21.6 09 35 0.247 0.095 1.50

sealing of the tubes. The ratio of total intensity(bkO) planes and00l)
planes to the total intensity of all the peaks (defined asdlative intensity

of (hk0)and(00I) planes) for the samples is shown in table 5.8. The relative
intensity of(hk0) planes is slightly reduced and that(6Dl) planes slightly
increased as a result of doping. In the monodoped samplesabige more
changes in the relative intensity values, than the TiC. Td@etrical den-
sity, determined by measuring the mass and dimensions ahtingles, is
also given in table 5.8. The undoped sample has the lowesttgerfi 1.39
glcn?, nearly 50% of the theoretical density of MgBAmong the samples
the codoped sample MBST 2.5 show the highest density of 1&6°g

The crystalline properties of the samples such as latticenpeters, unit
cell volume and lattice strains are evaluated using the powdRD data
and are tabulated in table 5.9. The doping - both mono andpiogo
changed the crystalline features of Mgéignificantly. The lattice param-
etersa andc show systematic variations with the nature and amount of the
additives. The changes in lattice parameters with respeittet undoped
sample QAa and Ac) are more for SiC doping than the TiC doping. The
lattice parametea decreases significantly with the SiC doping, while it
slightly increases with TiC doping, compared to the undopeel Among
the samples, the mono SiC added sample show the lowest walaaxis.
For the codoped samples, since SiC has a large impagtbea decreased
and its decrease is more in MBST 55 than in MBST 2.5. Foctdpes both
the SiC and TiC caused slight increase compared to the uddoype Here
also as in the case afaxis, the variation is more in the SiC doping.

The unit cell volume slightly increases with TiC and slightlecreases
with SiC doping. The rati¢, can be used as a measure of lattice distortion,
which doesn’t show any variation with the TiC doping, butrgmses with
SiC doping.
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Table 5.9:Structural properties of the samples: Lattice parameters.

Sample Lattice parameters and cell volume Carbon cohtent
a(h) c(®) (c/a) V(A3)  (xinMgB2-,C;)

MBST 00  3.084 3.518 1.141 28.976 -
MBSTS50  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 thisrep@HT Wilkeet al
[197] and Takenobet 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 atehatc
trend with doping. The FWHM of théd0l) planes has hardly any effect by
both the additives, either for mono or codoping. But the FWH\hix0)
and (hkl) planes are affected by the dopin¢hk0) is the most affected
plane. As in the case of lattice parameters, here also Si@iisiyrespon-
sible for the changes in FWHM values. The FWHM(bkO0) significantly
increases with SiC doping, which is in accordance with mbgt@works
reported on the doping studies of SiC or C or other C basediaekland
is due to the C substitution at B sites.

In the hexagonal structupb/mmm Mg atoms occupy the 1a site (0,0,0)
and the B atoms at the 2d site,§,2). The reported works demonstrate
that C atoms preferentially occupy at the 2d site [69, 185js Tesults in
the contraction of inplane lattice, since the covalentirafdC is lower than
that of B and the availability one extra electron. The lattitrains conse-
guent to the C substitution at B site is also responsibleHerimcreased
FWHM of the SiC added samples. In the case of TiC the obsenjealvbe
ior doesn’t correlate with the C substitution results. Tegtrpossibility is
of Ti substitution. But it is known that Ti doesn’t occupy tAemic posi-
tions (site) in the MgB crystal structure [191, 192]. Even for the Ti added
samples Ti either remained as unreacted or reacted with Brio TiB;
or TiB4 [191, 192]. So the possibility of Ti going into the latticegtture
in our case is remote. Hence, the observed slight variatiottse lattice
parameters as well as FWHM of TiC added samples may be fronathe |
tice distortions caused by the inclusions of nanoparticfé&C within the
MgB, 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 abma@uding
phase analysis, relative intensity, lattice parametedsRAWHM analysis
strongly suggest that the added SiC caused a considerahlbg@itation
at the B site. The SiC caused Mgj formation also. Meanwhile the TiC
remained as unreacted and doesn’t cause any substitutios MgB, sys-
tem. Based on the literature reports of variatioraaixis with C substi-
tution level & in MgB,_,.C,.) we have estimated the C substitution level
in our samples and is listed in table 5.9. The literature degdave used
were on polycrystalline samples taken from R. H. T. Wiéteal [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 5
samples respectively.

5.4.2 Results: Microstructural properties

The microstructural properties of the samples were ingatd using SEM,
TEM and EDS analysis. Figure 5.22 shows the SEM images ofréwe f
tured surfaces of the samples which show a distinct miarostral change
as a result of the doping. The undoped sample shows randaielyted

hexagonal MgB grains with average size of 142n. 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 boundarieslewhost of
the added samples do not have this feature. The mono SiC addgule
(MBST 50) shows a microstructure slightly different fronattof undoped
sample. The TiC added sample (MBST 05) shows a microstreicion-
ilar to that of the undoped sample. The codoped samples stsimikar
microstructure, distinctly different from that of the aleosamples. These
samples show compacted, more homogeneous microstrudthrkess de-
fined grain boundaries. This densified microstructure ottidoped sam-
ple is in agreement with the higher calculated geometrieatdy 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, MBBT 5
and MBST 05 under identical magnification and the EDS pattéeMBST
55. The images of single grains show microstructural chauige to dop-
ing. The image of undoped grain is found to be free of any w®iols.
Both the SiC and TiC added samples clearly show nano sizeagimiin
inclusions. The inclusions of TiC doping are more homogesedban in
SiC doping in which some clustering and agglomeration asznked. In
both cases, the average size of the inclusions is around 10 hisvalue
is quite comparable with the coherence length of Mgihd hence these
inclusions can act as strong flux pinning centers. The lagtig@ in the
figure shows the frame (area) EDS spectrum of the grain in MBSas a
typical example. This picture shows the presence of elesrf&inili, 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 sssnfaken at
100 Oe. The inset of the figure shows the region close to thersapduct-
ing transition. The undoped sample shows a superconduténgition at
38.44 K.T¢ of the added samples is reduced and the reduction is more for
MBST 55. The values of ¢ and AT¢ (defined as the difference of the
temperatures corresponding to the 90% and 10% of the maxistimid-

ing signal) are given in table 5.10. For the monodoping Silices thel ¢
more than the TiC does. This is expected due to the C sulistitat B site.

In MgB; the B plane is responsible for the superconductivity. THesgu
tution of C at B site reduces the hole concentration and saclsanges

in phonon modes. The reduced density of states and weakég®a
phonon coupling are the reasons Tfiar reduction in the SiC added sam-
ple. The TiC mono added sample also shows slightly redlee(B7.85

K). Since no C substitution takes place here Thereduction may be due
to the lattice strains caused by the nanometer sized Ti@Qsians in the
MgB., as lattice strains can also cause sligbtreduction in MgB [199].
The T¢ 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 addstive C sub-
stitution and lattice strains. The width of transitiahT¢ is minimum for
the undoped sample. The valueAT¢ is higher for MBST 50 and com-
paratively low for MBST 05. In the codoped samp@ ¢ is highest for
MBST 55. TheATc depends on the sample homogenity, crystallinity etc.
The higherATc 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) ATc (K) Jc (x102 Alcm?) at
5K, 8T 15K, 7T
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 densithesamples
(Jc(H)) at 5 Kand 15 K are deduced from the isothermal magnetichigst
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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 obsdretniv 1

T for all samples at 5 K and 15 K. The flux jump is more at 5 K. The
variation ofJ¢ of the samples with field is plotted in figure 5.25. At lower
fields the estimation aic(H) may not be accurate due to flux jumps. The
Jc(H) is significantly enhanced for all the added samples bothkaghd

15 K compared to the undoped sample, for the entire field afysttior the
monodoped samples SiC doping shows much improvement inflatrh
Jc, compared with the TiC doping. However the codoped sampe/sh
the bestlc(H) performance at higher fields both at 5 K and 15 K. The
codoped sample MBST 2.5 shows highly enhankgdalues for the entire
field of study, both at 5 K and 15 K. The another codoped samB&™
55 also shows enhanced 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 enhancemeni«{H) at high fields for most of the
added samples, either monodoped or codoped, the lowdgdldc(H), H

— 0]is better compared to that of undoped sample. This is vepprtant,
since for most of the reported works on the enhancement of fiegd Jc

of MgB, exhibit poor low fieldlc(H) performance. The better low field

of the added samples indicates that the grain connectiityi disturbed
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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 setétields and
temperatures is tabulated in the table 5.10. At 5 K and 4 TJthealues
are 1.44x10* Alcm?, 4.34 x10* Alcm?, 2.72 x10* Alcm?, 5.67 x10*
A/cm? and 4.29x10* A/lcm? for MBST 00, MBST 50, MBST 05, MBST
2.5 and MBST 55. At5 K and 8 T thé: values are 0.1%10° A/lcm?
for the undoped sample, 3.%710% A/cm?, enhanced by a factor of 22 for
SiC monodoped sample and 4.900% A/cm?, enhanced by a factor of 29
for MBST 2.5, the codoped sample. At 15 K and 7 T the added sasnpl
MBST 50, MBST 05, MBST 2.5 and MBST 55 have values enhanced
by a factor of nearly 60, 30, 100 and 76 times, compared to tidoped
sample. Thus for the best codoped sample a significant eahmamnt of
Jc by two orders of magnitude is achieved, at higher tempezatand
higher fields (15 K;> 7 T). In general, the sample (MBST 2.5) hkgH)
enhanced by 1.5-2.0 times, compared the mono SiC doping (MBS
and by 2.0-4.0 times, compared the mono TiC doping (MBST 0%)e
values of the irreversibility fieldH;, of the samples at 5 and 15 K are
determined by the linear extrapolation to zero for the higidfiow Jc
segments of the Kramer curves and is tabulated in table 3.H8.values
of Hi; once again reflects the strong enhancement of the superctorgiu
properties as a result of doping. As in the casdqgH) the improvement
of Hir is higher for codoped samples, both at 5 K and 15 K.

T T T T T T T T 2-5 T T T T T T T
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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 thmgkes
as a function of the applied field. The flux pinning force dgnsif the
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added samples are significantly enhanced and the enhantceranre
in the codoped sample. Since the flux jumps shows significamksnon
the shape of the curves at 15 K, the curves are plotted afieing the
Jc(H) data between 1 and 2 T. The curves show significantly imgrove
flux pinning force density in the added samples, both at 5 &nid. Max-
imum value ofFp (Fpmay is 3.48 GN/n? and 2.35 GN/m for the best
sample (MBST 2.5) at 5 and 15 K, while these values are 1.9 Khd
1.47 GN/n# for the undoped sample. Also the field at whighnax0ccurs
(Hpeay is shifted to higher fields in the added samples. The valtiBs g
andHpeaxfor the samples are tabulated in table 5.11. These reseksiyl
show the considerable improvement in the flux pinning of {sesm as a
result of doping.

Table 5.11:Superconducting properties of the samples - II.

Sample Hirr (T) at Fpmax (GN/m?) at Hpeak(T) at
5K 15K 5K 15K 5K 15K
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 enhawece in the
Jc(H) performance of MgB superconductor as a result of codoping of
nano TiC with nano SiC for the entire range of field studied. ok the
additives the nano SiC resulted in considerable C substitat the B site
and formation of reacted secondary phase,$ign the matrix. In the
case of nano TiC doping the TiC remained unreacted as suchaarsid
no substitutions. Considering the phase purity and ciysity] the un-
doped sample is found to be the best. Also it has the higheatmong the
samples. But it has the lowest flux pinning force and the lodigd) per-
formance. Thus the observed enhancement of flux pinningrafidld Jc
of the added samples cannot be due to any improvements ie |pliaisy
or crystallinity.

The Jc(H) of MgB; is controlled by both intragranular and intergran-
ular properties. The main intragranular (or intrinsic)téas affecting the
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Jc(H) of MgB, are upper critical fieldHc2), flux pinning strength, and
to some extend the anisotropy of superconductivity. Graimnectivity,
which controls the efficiency of superconducting currerttamsport from
grain to grain is the main intergrain (extrinsic) factor. Ang these vari-
ous factors, the enhancementtté, and improvement of flux pinning by
homogeneously distributed pinning centers are most impartTheHc;
of MgB; is strongly depended anandn band scattering rates (both inter
and intra scattering), and the valuettg, in MgB, enhances significantly
upon tuning of the scattering rates [200, 201]. For the im@noent of flux
pinning homogeneously distributed normal particles ofetle size must
be introduced in MgB.

The bulk polycrystalline MgBsamples prepared without any externally
introduced (pristine sample) pinning centers will be madidy pinned by
the grain boundaries. In general, the introduction of adektin MgB, can
have the following effects.

(1) increase thélc, andHj, by lattice substitutions (which alter the band
scattering rates).

(2) increase the density and strength of flux pinning certgreomoge-
neous inclusions (either reacted or unreacted impurities)

The enhancement afc(H) in MgB, by SiC doping is explained by the
dual reaction model [131, 132]. Based on this model the Ctigubsn at

B site results stronblc, enhancement due to band scattering modifications
(effect 1 described above) and causes the improvemely(k). Further
improvement is provided by the flux pinning of unreacted rs@ate SiC
and the reacted secondary phase;Bigas described in effect 2. There
can be unreacted B left as a result of the C substitution ansizoption of

Mg for the formation of MgSi. So far no serious attention is given to this
issue in SiC added case. If the unreacted B causes some igristetry,

it will also causeHc, enhancement as described elsewhere [94]. Detailed
analysis on SiC added MgBsamples shows evidences for the formation
of secondary phases containing Mg, Si, B, O, C elements. Témepce

of amorphous BQ phases is also considered [202, 203]. These phases
are considered to act as additional flux pinning centers. é¥ewthese
phases can limit the superconducting volume fraction amdreduce the
grain connectivity if located at the grain boundaries ratlesiding inside
the grains.

In the TiC added samples no substitution is observed. Softeetd
will be negligible in the sample, and this may be the reasomdiatively
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small improvement odc(H) in MBST 05 compared with MBST 50. The
unreacted residual TiC in nanoscale can act as strong flunrgjrcenters,
as described in effect 2. The TEM image of MBST 05 shows finedgem
neously distributed nanometer sized inclusions, alsorfatlis argument.
Thus for the enhancement & (H) the major contribution in SiC is effect
1 and in TiC is effect 2. On the other hand, for effect 1 SiC isettdy
dopant and effect 2 TiC is better. Here the nano SiC acted asupg
dopant, ie as C source and reactive dopant and TiC acted asip-tyf
dopant, ie nonreactive and non C source. In the codoped sarhpth the
effects of SiC and TiC may be active, and this is the reasoitddretter
performance compared with the undoped and monodoped sampk
sides the improvement dfic, and flux pinning, grain connectivity may
also be better for the added samples. The codoped samplesibaser
and compacted microstructure compared with the undopeglsanthe
low field Jc of the samples is not deteriorated by doping, and the codoped
samples have highc(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 foam the
structural and superconducting properties of Mg@Be studied. The be-
haviour of these additives in the Mg + B system is comparedladodop-

ing of these two materials in the system is also explored reisipect to the
crystalline, microstructural and superconducting prtesr It is found that
both these additives have different reactivity and henfferént crystalline
and microstructural influences on MgBThe superconducting properties
of added MgB also differ for the two additives. SiC caused considerable
amount of C substitution at B site and formed nano size indiagnclu-
sions of MgSi. While TiC remains unreacted and does not induce any
substitution. Considering th&(H) performance, for monodoping SiC is
better than TiC. But codoping of TiC with SiC is found to be rhunore
effective for the enhancement &¢(H) of MgB, than the mono doping of
any one of these additives. Thus it may be fruitful to explitre effects

of codoping of impurities of differing nature to the MgBystem to get far
betterJc(H) performance achieved so far by any one type of additives.
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5.5 Effect of substituting type (carbon based:
BRH) and reacting type (REO: nano Ho,O3)
additives

From the above study, codoping of materials with differdmnoical and
physical nature is found to be very effective for enhancimg high-field
Jc of MgB,. Here codoping of burned rice husk (BRH) together with
a REO on thelc(H) of MgB; is studied. The preliminary investigation
showed that addition of BRH can cause significant C subgtitgt B site

at around 850C. Nano HgOs is chosen as the REO for codoping with
BRH, since it causes the formation of HgBvhich is magnetic in nature.

The undoped, monodoped and codoped samples were prepaiad by
situ powder-in-sealed-tube (PIST) method, using Mg (-325 m@8t8%),
amorphous B (-325 mesh, 99%), nano,Bg (< 60 nm, 99.5%) and
burned rice husk as starting powders. All the samples weaé theated
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 ks addition.
Sample Name  wt.% of nano particles added

BRH nano HeOs3
S 00 0 0
S50 5 0
S 05 0 5
S52 5 25
S 55 5 5

5.5.1 Results: Superconducting properties

Figure 5.27 shows the field dependence of magdet[dc(H)] of the sam-

ples at 5 K, deduced from M-H data. The(H) is enhanced for all the
added samples compared to the undoped one. The improvemks{H)

in Ho,O3 alone added sample is only moderate compared to the undoped
sample. But the BRH doping shows strong improvement in higld fic,
compared to the H®3; doping. The level oflc enhancement by BRH
addition in high magnetic fields is very similar to that exteld by nano

SiC, nano C and/or other carbon based additives. The codsgregles S
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Figure 5.27:Jc(H) curves of BRH and nano H®; added samples.

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

As shown in the table 5.13, at 4 T the valuelgfis 2.7 x 10* Acm~2,
5.3 x 10* Acm~2, 3.4 x 10* Acm~2, 8.4 x 10* Acm~2 and 6.8x 10
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 hdyevalues enhanced by
a factor of 40.8, 2.6, 74.5 and 62.8, compared to the undopetbls.
The values of the irreversibility fielth;, of the samples are determined
by the linear extrapolation to zero for the high field [dwsegments of the
Kramer curves and is tabulated in table 5.13. As in the cade ®f) the
improvement oH; is highest for codoped samples. Figure 5.28 shows the
bulk flux pinning force density of the samples as a functiothefapplied
field. At higher fields, the flux pinning force density of thedad samples
is significantly enhanced and the enhancement is higheseicddoped
sample. At5 K and 4 T the value & are 1.1, 2.1, 1.4, 3.4 and 2.7
GN/m? 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
Ho,O3 added samples.

Table 5.13:Superconducting properties of the samplks.Hir andFp values are
at5 K

Tc ATc Jc (A/CfT\Q) at Hirr FpatdT
sample (K) (K) 4T 10%) 7T (x10%) (M (GN/m?3)
S 00 38.5 0.4 2.7 0.9 8.4 1.1
S50 38.0 0.9 5.3 7.7 10.2 2.1
S05 38.4 0.5 3.4 13 8.65 1.4
S52 37.6 12 8.4 13.8 11.2 3.4
S55 37.5 11 6.8 114 111 2.7

ZFC magnetization curves for the samples, taken at 20 Oeharens
in figure 5.29. The undoped sample shows a superconductingition
at 38.5 K, with aATc of 0.4 K. For the HeOs addition theT¢c andATc
are almost same as those of the undoped sample, indicatihghth Ho
ion is not substituted into the Mg/B sites. Generally mosthef RE ions
(especially Ho) do not substitute at the Mg/B site, due tar tlagge ionic
radii compared to Mg and/or B. Thig: of the BRH added sample (S 50) is
reduced by 0.5 K. This reduction is due to the C substitutmuyever the
observed reduction is smaller compared to other C baseaglgpudies
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Figure 5.29:ZFC M-T plots of BRH and nano H®; added samples, taken at 20
Oe field.
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Figure 5.30:Section of M-H plots of BRH and nano H0; added samples.

[69]. In the codoped samples the valueTef is further reduced, may be
due to the presence of higher amounts of non-supercondusticondary
phases.

The value ofATc is higher for BRH addition and comparatively low
for Ho,O3 addition. In the codoped samplésTc is still higher. TheAT¢
depends on the sample homogenity, crystallinity etc. TghénATc of S
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50 is again the result of C substitution, which reduces thiaime (B plane)
crystallinity.

Inset of the figure 5.29 shows the ZFC magnetization curvésgsd
near the transition region. Samples added with®fshow a considerable
positive magnetic moment (M- 0) in the normal state. This is expected
as the HgO3; samples have the reacted phase kHoBhich has a strong
magnetic moment. The magnetic behavior of HaBobserved as a super-
posed paramagnetic background in the magnetization legi¢doops 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. JNigie
main phase, with a trace amount of MgO, observed in all theokssnSig-
nificant amount of HoB is observed in samples added with 4@g and
slight amounts of MgCs and Mg, Si are observed in BRH added samples.
No Ho,O3 or other Ho containing phase is observed in the®padded
samples. As stated earlier BRH contains amorphous silid&aavailable

for reaction. It seems that Si and C contained in the BRH eshwith Mg

to form the MgSi and Mg C; phases. It is reported that M8 forms in
most of the Si based additives, such as nano-SiC, Si, ghgisilicon oil

etc on MgB [193-195] and has a significant role in improving the flux pin-
ning. Formation of MgCs; is also reported in carbon based doping studies
[140, 204]. No detectable amount of Si® observed in the BRH added
samples. The presence of HpBdicates that some of the added Jda
decomposed and reacted with B at the heat treated tempeestueported
earlier in the case of other REO doping [146—149]. In the pedcsamples
HoB,, Mg, Si and Mg Cs; are observed as secondary phases, besides MgO.
No additional reacted phases are observed as a result gbiogdo

The volume percentage of MgBand MgO phases formed in the sam-
ples is assessed from the integrated Xray peak intensitig¢ésaabulated
in table 5.14. The undoped sample has the best phase putith@highest
MgB, volume fraction. Volume percentage of MgO is minimum in time u
doped sample and is maximum in highly codoped sample. Miaatibns
of MgO observed in the undoped sample is due to the entrappbdfare
the end sealing of the tubes. The oxygen available in BRH am®Dglis
responsible for the increased amount of MgO in the added lesmp
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Figure 5.31:XRD patterns of BRH and nano HO; added samples.

Table 5.14:Crystalline properties of the samples

Vol. of (%) Lattice parameters Carbbrgrain  straird
Sample MgB MgO a(d) c(A) «cla content size (%)
S 00 97.3 1.6 3.084 3525 1.143 - 210 0.80
S50 95.7 3.1 3.077 3526 1.146 0.021 140 1.1
S 05 93.7 23 3.086 3522 1.141 - 180 0.8
S52 93.2 3.6 3.080 3525 1.144 0.013 90 0.9
S55 88.2 44 3.080 3529 1.146 0.013 60 0.9

1 zin MgB,_ , C,, estimated based on the data of RHT Wikeal [197] and Takenobet al[198].
2 Lattice strain of (ik0) 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. Thae/afa decreases
considerably ana increases slightly with the BRH addition. This is in
agreement with other works on carbon based doping and isodhe sub-
stitution of C at the B site and is explained elsewhere [6%]260r the
Ho,03 additiona shows slight increase ardremains almost the same,
compared to the undoped sample. Here also the observed iseBubc-
cordance with other REO additions. For the REO doping it iebed that
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RE will not occupy the lattice site of either Mg or B and henbe bb-
served very small change in the lattice parameters may b&odbe strain
induced by the nano particles, rather than a substitutiefiett or struc-
tural change. In the codoped sampatecreases ar@increases compared
to the undoped one. Here the C substitution at B site (by BRpindp is
the significant factor for the lattice parameter changee rétio ¢, a mea-
sure of lattice distortion, increases with BRH doping, arhains almost
unchanged with HgD3 doping.

0.45
0.4} 1

0.35 ‘9/ b
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FWHM (degree)

0.25} 1

0.2 4

015 C_1 L L L I L]
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Figure 5.32:FWHM of selected peaks of BRH and nano4@g 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 atehsys
atic trend with doping. The sample added with,Bg alone shows same
FWHM values as that of the undoped sample, while the sampledaddh
BRH shows considerably different FWHM values. The FWHM of,Bg
added samples once again confirms that the RE ions are noéerit¢o
the lattice sites in MgB The FWHM of the(00l) planes has hardly any
effect by the doping, either for mono or codoping. But the FWbiNhkO)
and(hkl) planes are affected by the dopingk0)is the most affected. The
FWHM of (hkO)significantly increases with BRH doping, which is due to
the C substitution at B sites.
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Figure 5.33:Wwilliamson-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 tft&O0) planes of the
samples. Using the plots, lattice strain is estimated frioensiope and the
crystallite size from the intercept. The estimated lattice strain values for
(hk0) planes for the samples are given in table 5.14. The samptedad
with BRH have a considerably higher strain value. The samagtied with
nano HeOj3 alone (S 05) has slightly lower strain value compared to that
of the pure sample. For tH@0l) planes, both BRH and nano ks ad-
dition shows slight reduction in the lattice strain. Thetjue size (table
5.14) decreases significantly with the addition. The undogmmple has
an average particle size of 210 nm, while the samples S 50 &%dh@ve
particle sizes of 140 nm and 180 nm respectively. For S 52 ab8l the
particle size are still reduced to 90 nm and 60 nm. Thus freerFWHM
analysis it is clear that significant in-plane lattice straccurs by BRH ad-
dition. Also both BRH and HgO; addition causes considerable decrease
of MgB, grain size.

The SEI SEM images of the fractured surface of the samplesréfig
5.34) show distinct and systematic microstructural chaage result of
doping. The undoped sample (S 00) shows randomly orienteeted
hexagonal MgB grains with average size of 1z@n. Some of the grains in
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Figure 5.34:SEI SEM of BRH and nano H®; added samples.

the sample showed sharp grain boundaries, while most ofrdiesgshow
melt like grain boundaries/connections. The BRH added sa(§¥%0) has
uniformly distributed flaky grains with much smaller sizaththose in S
00. The small size of the grains of S 50 is in agreement withbterved
higher FWHM values. HgO; added sample (S 05) shows a mictrostruc-
ture significantly different from those of the above two sésp Some
amorphous like (less crystallized) regions (pockets) aemsn the matrix

of this sample. For the codoped samples, the microstructu& 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 MgB; is improved by the doping of nano B03; and BRH in
mono and codoping conditions. The level of enhancement e iNABRH

and less in HgO3 addition for monodoped samples. The codoped samples
have significantly enhancett(H) values compared to the undoped and
monodoped samples. In the case of bulk MgBiperconductor, the in-
field critical current density is controlled by parameteke lphase purity,
crystallinity, grain connectivity, flux pinning etc [84].r&ém the XRD and
SEM results itis very clear that the undoped sample hasrittese purity

and crystallinity and homogeneity. the undoped sample Eahgs higher

Tc and lowATc values also. So the observed enhancement in flux pinning
and thelJc(H) of the added samples cannot be attributed to a better phase
purity, crystallinity and/or homogeneity.

Considering the nano HO@; alone added sample (S 05), the added
Ho,03 reacted with B and formed HoBphase as impurity. The lattice
parameters, FWHM as well ak: and ATc¢ values of the nano H®3
added sample remains almost comparable to that of the uddsgmaple,
indicating that Ho is not entered into the lattice site oheitMg or B. In
this sample the pinning is mainly provided by the reacteduritp phase
HoB,. The strength of pinning force exerted on the flux lines bys¢he
pinners may be weak and hence the observed moderate impeovém
flux pinning and moderate increasedg(H) in the sample S 05. In other
words the main reason for tlig(H) improvement in HeO3; added sample
is pinning alone. For the BRH added sample there is cleaeacel of C
substitution at the B site and this is the main reason forttteemg enhance-
ment inJc(H) performance. The reaction induced secondary phases such
as Mg Si and MgC3 can contribute to further pinning. For the codoped
samples both these effects of BRH and,Bg¢ are simultaneously active,
i.e., a combination of 'substitution’ + 'pinning’. The BRHidition im-
provesHc, and the magnetic HoBparticles provide strong pinning to the
vortex lines, together with the considerable reductiorhimdrain size by
addition, leads to the strong improvemenggfH) in the codoped samples.

5.5.4 Conclusion of the addition study

The superconducting properties of added Md#fer for the two additives.
BRH caused considerable amount of C substitution at B sitiefammed
Mg, Si and Mg C;. Ho,O3 decomposed and reacted with B to form HoB
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Table 5.15:nfluence of different categories of additives on MgB

Enhancement Main reason for

Additive of Jc(H) Jc(H) enhancement

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

Nano TiC moderate Pinning by unreacted nano TiC inclusions

Nano SiC Significant Carbon substitution and pinning by tieacin-
duced inclusions (MgSi, SiC)

BRH Significant Carbon substitution and pinning by reaction in-

duced inclusions (MgSi, Mg,Cs)

No Ho is substituted at either Mg or B site. ConsideringipéH) perfor-

mance, for monodoping, HO®3 improved thelc(H) moderately, but BRH
improved thelc(H) strongly. Codoping of HgO3 with BRH is found to
be much more effective for the enhancemenigiH) of MgB, than the
mono doping of any one of these additives. The substitutidh at B site

by BRH and the formation of magnetic particles of HoBy Ho,O3 are

the reasons for the strong improvemendefH) in the added samples.

5.6 Summary of the chemical additions

Summarizing the chapter, the effect of different categooieadditives on
the in-field in-field critical current density of MgBsuperconductor is stud-
ied and the in-field critical current density is significgrgéhhanced by se-
lective additives. Table 5.15 summarizes the influence térdint cate-
gories of dopants on MgB

Figure 5.35 shows a comparisonXf(H) performance of different ad-
dition studies carried out in the present work. The undopeBMhas
a very low Jc value of 100-1000 A/cifor fields > 7 T at 5 K. By
the selective chemical addition the valueJef is enhanced to 5 10°-
2 x 10* Alcn?? for the same fields and temperature. So thatJg@d)
enhanced by nearly 50 times compared to the pure MdgBurned rice
husk, a novel additive is introduced into MgBwhich improved the in-
field critical current density of the material strongly ahé improvement
is at par with most of the best additives/dopants reportedaso Fur-
ther, codoping studies of different type of materials du@afor substi-
tution/substitution+reaction/reaction are explored &mehd to be much
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Figure 5.35:Comparison oflc(H) performance of MgBdue to different chem-
ical addition. Except BRH, all other additives are commercially availaieon
materials. The data shown are for addition of 5 wt.% except for codophaye
the addition level were 2.5 wt.% for TiC, SiC, K0z and 5 wt.% for BRH.

more effective than monodoping. At 5 K and 8 T, the sample dddi¢h
5 wt.% of BRH and 2.5 wt.% nano H®; has alc of 0.8 x 10* A/lcm?,
enhanced by 100 times compared to that of the undoped safgéecon-
clusion and future direction, it may be fruitful to explofeetcodoping of
more materials with different nature to the MgBystem for bettedc(H)
performance.

152



Chapter 6

Summary and conclusions

6.1 Summary of the work

The objectives of the present work were to prepare good tguisligB,
superconductor in bulk and wire/tape geometries, and tadupits in-
field critical current density by suitable chemical addiso

Good quality MgB 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 tahaéeat
treated in atmospheric condition after sealing the endse fiethod is
simple and cost effective, since no vacuum or inert atmagpiseneeded
for the preparation. For the preparation of wires and tapsgstematic
study on the chemical reactivity of various sheath mateaich 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. FetisbeédigB
wires and tapes were preparedihysitu Powder-In-Tube (PIT) technique
in mono and multi filamentary geometries. Further, a novetteical self
heating method was introduced for the preparation of FetshdaVigB
wires and tapes.

The prepared MgBin bulk, wire and tape forms were characterized for
phase purity, crystalline and microstructural properéied superconduct-
ing properties. The measured superconducting propett@sasT ¢, ATc,

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 Mg8&/stem for
improving the in-field critical current density. By seledisuitable combi-
nations of additives a significant enhancement of the afidarrent density
by 1-2 orders of magnitude were achieved for fields > 5 T, atbl&nK.

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

6.2 Conclusions

The main conclusions of the present work are :

1. Standardized a simple and inexpensive method, PISThéoprtepa-
ration of good quality MgB bulk superconductors. Typical PIST
samples have more than 98% of MgBhase 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 he
treatment. PIST MgB has sharp superconducting transition with
Tc around 38.5 K and\T¢ <1 K. Critical current densities more
than 1§ A/cm? at 2 T and 5 K are achieved in typical PIST samples
without any additives.

2. Chemical compatibility of commonly used sheath matsrsaich 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 siétabbice
for the preparation o situ MgB, wires and tapes. Ag, Cu and Ni
react with Mg and form impurity phases and reduce iparasti-
cally.

3. MgB; wires and tapes in mono and multiflamentary geometries

were prepared by the PIT method. For multiflamentary cotatsc

Fe is used as the barrier (sheath surrounding MigBu is used for
thermal stabilization and Ni is used as the outer sheatts délected

as the outer sheath since is more resistant to oxidation ane em-
vironmentally stable. High thermal and electrical conduitst pre-
ferred the choice of Cu as the stabilizer. The prepared MgBduc-
tors have critical temperature in the range 38-39 K. Highgpmrt
critical current densities in the range*1D0° A/cm? at 25-30 K and
self-field have been achieved in the wires and tapes.
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4. It is demonstrated that MgBwires and tapes with good supercon-
ducting properties can be prepared by a novel cost effeetiarical
self-heating method.

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

e Rare earth oxides react with B to form the respective rardear
boride phase (REB without any lattice substitutions in MgB
The enhancement dt(H) by REO addition is only marginal,
typically 1-2 times.

e TiC remains unreacted without any lattice substitutionsC T
causes a moderate improvement of 2-5 timeddfH) values
at high fields.

e SiC dissociates and the Si reacts with Mg and forms$ig
The C released from the SiC substitutes at the B site. As a
result, SiC causes significant enhancemenigH) values at
high fields. BRH, a natural material, also results significan
enhancements idc(H) values of MgB. Compared to the un-
doped sample, nano SiC and BRH added samples have 10-70
times highedc(H) values at higher applied fields.

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

7. Combined addition of both substitution and inclusioretypaterials
produce much moréc(H) enhancement than any one type can pro-
duce. Two sets of combined additions were studied : first nétho
SiC + nano TiC and second with BRH + nano REO §{Bg). In
both cases samples added with the two additives showed ki@t
values compared to samples added with one of the additives. T
sample added with 5 wt.% of BRH and 2.5 wt.% of nano,8¢
have alc(H) of 0.8 x 10* A/lcm?, nearly 100 times that of the un-
doped sample (0.8 10> A/lcm?), at 8 T and 5 K.
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6.3 Future directions

The present research work reports development of diffenetitods to pre-
pare good quality MgB superconductor in various forms with improved
superconducting properties. However, there are many sskude ad-
dressed before taking these products for practical agjgita For the
wires and tapes, the heat treatment temperature, duratartiing com-
position, starting packing density and rolling paramesdcsare yet to be
precisely optimized and a thorough optimization study seefial for max-
imizing the current carrying capacity of the conductors.e Tresented
transport current characteristics of the wires and tapes dene only on
short length samples of length 11 cm. Whole length transport character-
istics in coil form of long conductors are needed for pradtapplications.

The current transfer problem in multifilamentary condustbas to be
minimized and more research work is needed to solve the.igsoether
important area that requires considerable applied relséaran the ther-
mal stability of the multifilamentary composites. In the ggst work the
prepared multifilamentary conductors have onl§0% of MgB; area frac-
tion and~ 8% of Cu area. The rest of the composite have materials with
low thermal and electrical conductivities. The distriloutiand size (rela-
tive cross sectional area) of MgBCu, Fe and Ni must be optimized for
improving the thermal stability of the composite.

Regarding thelc(H) improvement, the results presented in the thesis
shows significant enhancement by the BRH addition. The raevhiusk
contains some organic volatiles, carbon and silica mostlgmorphous
form. For the addition purpose this raw rice husk is burnedoft°C for
1 hour. No chemical or other thermal treatment is done on dlerice
husk in the present study. Heat treatment of the raw rice hugiferent
temperatures and duration and or chemical treatment oftleice husk
can be explored for maximizing C and Si and minimizingdhd also for
finding the optimum levels of C substitution for the bds{H) behavior.
Regarding the new additives Carbides and Borides may be dhviuall
for investigation. Exploring new inexpensive natural miais also must
be continued. Exploration of selective additives in theamidg condition
must be fruitful for further improvement of thi:(H) of MgB, supercon-
ductor.

156



References

8l
[0l
[10]

(11]
(12]
(23]
[14]

(18]
[16]
[17]

(18]
[19]

[20]
[21]
(22]
(23]

[24]
[25]
[26]
[27]

H. K. Onnes,Leiden Commuril24 (1911) 1226.

W. Meissner, R. Oschenfeltlaturwiss21 (1933) 787.

J. R. Schrieffer, M. TinkhamRRev. Mod. Phys71 (1999) S313.
A. A. Abrikosov, Rev. Mod. Physi6 (2004) 975.

E. Altshuler, T. H. JohanseiRev. Mod. PhysZ6 (2004) 4715.

C. P. Poole, H. A. Farach, R. J. Creswick (Eds.), Superconductivity, Acaderais, California
(1995).

P. J. Lee (Ed.), Engineering superconductivity, Wiley-Interscience, Joley\&iSons, Inc. (2001)
Vol. 391.

T. H. Geballe Science293 (2001) 223.
P. Phillips,Nature406 (2000) 687.

R. Hott, R. Kleiner, T. Wolf, G. Zwicknag|, Frontiers in SupercondngtMaterials, (Editor:A. V.
Narlikar) Springer-Verlag Berlin Heidelberg, 2005.

C. Buzea, K. RobbieSupercond. Sci. Technd8 (2005) R1.
C. Buzea, T. Yamashit&upercond. Sci. Technd4 (2001) R115.
D. Jrome, A. Mazaud, M. Ribault, K. BechgaaddPhys. Lett.(Paris}1 (1980) L95.

G. Saito, H. Yamochi, T. Nakamura, T. Komatsu, M. Nakashima, H. MoriQ&hima,Physica B
169 (1991) 372.

M. L. Kuli &, cond-mat.arXiv:0508276v1
X. Wang, S. R. Ghorbani, G. Peleckis, S. X. Déulv. Mater21 (2009) 236.

R. Z. An, L. Weli, Y. Jie, Y. Wei, S. X. Li, L. Z. Cai, C. G. Can, D. XilS. L. Ling, Z. Fang, Z. Z.
Xian, Chin. Phys. Lett25 (2008) 2215.

J. G. Bednorz, K. A. MillerZ. Phys. B54 (1986) 189.

M. K. Wu, J. R. Ashburn, C. J. Torng, P. H. Hor, R. L. Meng, L. GZo,J. Huang, Y. Q. Wang,
C. W. Chu,Phys. Rev. Let68 (1987) 908.

C. W. Chu,Proc. Natl. Acad. Sci.(US/A4 (1987) 4681.
J. Nagamatsu, N. Nakagawa, T. Muranaka, Y. Zenitani, J. AkinNatyre410 (2000) 63.
M. V. Sadovskii,cond-mat.arXiv:0812.0302v1

H. W. Weijers, U. P. Trociewitz, K. Marken, M. Meinesz, H. Miao, J. SchwaBpercond. Sci.
Technol.17 (2004) 636.

H. Padamsee, K. W. Shepard, R. Sundelingl. Particle. Sci43 (1993) 635.

K. Watanabe, S. Awaji, M. Motokaw#®hysica B329-333 (2003) 1487.

M. Motokawa, K. Watanabe, S. AwajGurrent Applied Physic8 (2003) 367.

L. V. Potanina, A. K. Shikov, G. P. Vedernikov, A. E. Vorobieva, IVPantsyrnyi, I. N. Gubkin,

157



158

References

(28]
[29]

(30]
(31]
(32]

(33]
(34]

(35]

(36]
(37]

(38]
[39]

[40]
[41]
[42]

(43]

[44]
(45]
[46]

[47]
(48]

[49]

(50]
(51]
(52]
(53]
(54]

(58]
[56]

[57]
(58]
[59]

A. G. Sylaey, E. I. Plashkin, E. A. Dergunova, S. V. Soudfysica C386 (2003) 390.
E. SalpietroSupercond. Sci. Techndl9 (2006) S84.

H. J. Kim, K. C. Seong, J. W. Cho, J. H. Bae, K. D. Sim, K. W. Ryu,¥8 Seok, S. H. Kim,
Cryogenics46 (2006) 367.

A. P. Malozemoff, J. Maguire, B. Gamble, S. Kal&tEE Trans. Appl. Supercondl (2002) 778.
D. Larbalestier, A. Gurevich, D. M. Feldmann, A. Polyanskigture414 (2001) 368.

Y. Eltsev, S. Lee, K. Nakao, N. Chikumoto, S. Tajima, N. KoshiziMaMurakami, Phys. Rev. B
65 (2002) 140501.

M. Eisterer, M. Zehetmayer, H. W. Web&hys. Rev. Let®0 (2003) 247002.

O. F. de Lima, R. A. Ribeiro, M. A. Avila, C. A. Cardoso, A. A. CoellRhys. Rev. LetB6 (2001)
5974.

D. K. Finnemore, J. E. Ostenson, S. L. Bud’ko, G. Lapertot, P. C. €anfPhys. Rev. Leti36
(2001) 2420.

H. Takahashil, K. Igawal, K. Ariil, Y. Kamihara, M. Hirano, H. HosoNature453 (2008) 376.

F. Hunte, J. Jaroszynski, A. Gurevich, D. C. Larbalestier, R. Jin,. Sefat, M. A. McGuire, B. C.
Sales, D. K. Christen, D. Mandrusature453 (2008) 903.

D. Dochey, A. B. Pavolotsky, V. Belitsky, H. Olofssadpurnal of Physics: Conference Seri@s
(2008) 012072.

V. Ferrando, P. Orgiani, A. V. Pogrebnyakov, J. Chen, Q. Li, J. M. RegwX. X. Xi, J. E. Giencke,
C.B. Eom, Q. R. Feng, J. B. Betts, C. H. Miell&ppl. Phys. Lett87 (2005) 252509.

P. M. Grant,Industr. Physicis? (2001) 22.
L. D. Cooley, A. K. Ghosh, R. M. ScanlaBupercond. Sci. Techndl8 (2005) R35.

M. Tomsic, M. Rindfleish, J. Yue, K. McFadden, J. Phillips, M. Dingotion, M. Bhatia, S. Bohnen-
stiehl, E. W. Collings|nt. J. Appl. Ceram. Techndl (2007) 250.

M. Tomsic, M. Rindfleish, J. Yue, K. McFadden, D. Doll, J. Phi#ljiM. D. Sumption, M. Bhatia,
S. Bohnenstiehl, E. W. Colling®hysica C456 (2007) 203.

V. Braccini, D. Nardelli, R. Penco, G. Gras®thysica C456 (2007) 209.
H. Li, I. J. Du, M. Qiu, Y. W. Ma, L. Y. liao,Physica C463 (2007) 1338.

M. Razeti, S. Anguis, L. Bertora, D. Damiani, R. Marabotto, M. Modica, Rrde¢lli, M. Perrella,
M. TassistoJEEE Trans. Appl. Supercond8 (2008) 882.

S. I. Schlachter, W. Goldacker, A. Frank, B. Ringsdorf, H. Orschulkgpgenics46 (2006) 210.

M. Majoros, L. Ye, A. M. Campbell, T. A. Coombs, A. V. Velichko, D..Mstrill, P. Sargent,
M. Haslett, M. D. Sumption, M. HusbantEEE Trans. Appl. Supercond? (2007) 1764.

L. Ye, M. Majoros, A. M. Campbell, T. A. Coombs, S. Harrison, P. SatrgénHaslett, M. Husband,
IEEE Trans. Appl. Supercond7 (2007) 2826.

A. Brinkman, J. M. RowellPhysica C456 (2007) 188.

M. E. Jones, R. E. Marsld, Am. Chem. So@6 (1953) 870.

V. Russell, R. Hirst, F. A. Kanada, A. J. Kinggcta Cryst6 (1953) 870.

L. Y. Markovskii, Y. D. Kondrasheyv, G. V. Kaputovskayahur. Obsch. Khim25 (1955) 433.

S. Brutti, A. Ciccioli, G. Balducci, G. Gigli, P. Manfrinetti, A. Paleona, Appl. Phys. Lett80
(2002) 2892.

S. Brutti, M. Colapietro, G. Calducci, L. Barba, P. Manfrinetti, A. Paler&dntermetallics10
(2002) 811.

G. Balducci, S. Brutti, A. Ciccioli, G. Gigli, P. Manfrinetti, A. Paleona, M. F. Butman, L. Kudin,
J. Physics Chem. Soli@$ (2005) 292.

Z. K. Liu, D. G. Schlom, Q. Li, I. I. li,Appl. Phys. Lett78 (2002) 3678.
D. Tzeli, A. Mavridis,J. Phys. Chem. A09 (2005) 10663.
L. Ivanovski, Physics of the Solid Stats (2003) 1829 and references therein.

158



References 159

[60]
(61]

[62]
[63]

(64]
(65]

(66]
[67]
[69]

[68]

[70]
[71]

[72]
(73]

[74)
[75]
[76]
[77)
[78]
[79]

(80]
(81]

(82]

(84]
(83]

(85]
(86]

S. Jin, H. Mavoori, C. Bower, R. B. van Dovétature411 (2001) 563.

D. C. Larblestier, L. D. Cooley, M. O. Rikel, A. A. Polyanskii,Jlang, S. Patnaik, X. Y. Cai, D. M.
Feldmann, A. Gurevich, A. A. Squitieri, M. T. Naus, C. B. Eom, E. E. ktetim, R. J. Cava, K. A.
Regan, N. Rogado, M. A. Hayward, T. He, J. S. Slusky, P. Khalifah, K. brumM. HaasNature
410 (2001) 186.

C. H. Jiang, T. Nakane, H. Kumakurappl. Phys. Lett87 (2005) 252505.

Y. Feng, Y. Zhao, A. K. Pradhan, C. H. Cheng, J. K. F. Yau, L. ZhoKd&hizuka, M. Murakami,
J. Appl. Phys92 (2002) 2614.

S. Hata, T. Yoshidome, H. Sosiati, Y. Tomokiyo, N. Kuwano, A. Mahoto, H. Kitaguchi, H. Ku-
makura,Supercond. Sci. Techndl9 (2006) 161.

M. lavarone, G. Karapetrov, A. E. Koshelev, W. K. Kwok, G. W. Crabtree, WK&hg, E. M. Choi,
H. J. Kim, S. I. Lee Supercond. Sci. Techndl7 (2004) S106.

H. J. Choi, D. Roundy, H. Sun, M. L. Cohen, S. G. Loliature418 (2002) 758.
D. G. Hinks, H. Claus, J. D. Jorgenséfature411 (2001) 457.

S. M. Kazakov, R. Puzniak, K. Rogacki, A. V. Mironov, N. D. Zhigadlb, Jun, C. Soltmann,
B. Batlogg, J. KarpinskiPhys. Rev. B'1 (2005) 024533.

J. S. Slusky, N. Rogado, K. A. Regan, M. A. Hayward, P. KhalifahH&, K. Inumaru, S. M.
Lourerio, M. K. Haas, H. W. Zandbergen, R. J. CaMajure410 (2001) 343.

W. Mickelson, J. Cumings, W. Q. Han, A. Zeti#hys. Rev. B5 (2002) 052505.

P. C. Canfield, D. K. Finnemore, S. L. Bud’ko, J. E. Ostenson, G. Lape®t E. Cunningham,
C. PetrovicPhys. Rev. LetB6 (2001) 2423.

M. N. Kunchur, S. I. Lee, W. N. Kand?hys. Rev. B8 (2003) 064516.

W. Goldacker, S. I. Schlachter, B. Obst, B. Liu, J. Reiner, S. Zim®epercond. Sci. Techndl7

(2004) S363.

S. Soltanian, X. L. Wang, |. Kusevic, E. Babic, A. H. Li, M. J. Qin,Horvat, H. K. Liu, E. W.

Collings, E. Lee, M. D. Sumption, S. X. DoBhysica C361 (2001) 84.

M. D. Sumption, M. Bhatia, X. Wu, M. Rindfleisch, M. Tomsic, E. W@Wollings, Supercond. Sci.
Technol.18 (2005) 730.

Y. Takano, H. Takeya, H. Fujii, H. Kumakura, T. Hatano, K. Togano, ko}H. Ihara,Appl. Phys.
Lett. 78 (2001) 2914.

S. L. Li, H. H. Wen, Z. W. Zhao, Y. M. Ni, Z. A. Ren, G. C. Che, H. Rang, Z. V. Liu, Z. X. Zhao,
Phys. Rev. B4 (2001) 094522.

S. L. Budko, C. Petrovic, G. Lapertot, C. E. Cunningham, P. C. Cahfigl. H. Jung, A. H.
LacerdaPhys. Rev. B3 (2001) 220503.

M. D. Sumption, M. Bhatia, M. Rindfleisch, M. Tomsic, S. Soltani&n X. Dou, E. W. Collings,
Appl. Phys. Lett86 (2005) 092507.

K. Vinod, N. Varghese, U. Syamapras&lpercond. Sci. Techn@0 (2007) R31.

S. X. Dou, A. V. Pan, M. J. Qin, T. Silver, Frontiers in SuperconchgiMaterials, (Editor:A. V.
Narlikar) Springer, 2005.

V. Braccini, A. Gurevich, J. E. Giencke, M. C. Jewell, C. B. Eom, D. @rhalestier, A. Pogreb-
nyakov, Y. Cui, B. T. Liu, Y. F. Hu, J. M. Redwing, Q. Li, X. X. Xi, RK. Singh, R. Gandikota,
J. Kim, B. Wilkens, N. Newman, J. Rowell, B. Moeckly, V. Ferrando, C. TaranD. Marr,
M. Putti, C. Ferdeghini, R. Vaglio, E. Haanappehys. Rev. B1 (2005) 012504.

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

J. Jiang, B. J. Senkowicz, D. C. Larbalestier, E. E. HellstrSopercond. Sci. Techndl9 (2006)
L33.

M. Eisterer,Supercond. Sci. Techn@0 (2007) R47.

T. Matsushita, M. Kiuchi, A. Yamamoto, J. Shimoyama, K. KishBupercond. Sci. Techn@1
(2008) 015008.

159



160 References
[94] S. K. Chen, A. Serquis, G. Serrano, K. A. Yates, M. G. Blamire, D. Guthri€pdper, H. Wang,
S. Margadonna, J. L. MacManus-Driscdlidv. Funct. Materl8 (2008) 113.
[87] H.Yamada, M. Hirakawa, H. Kumakura, A. Matsumoto, H. Kitaguétppl. Phys. Lett84 (2004)
1728.
[88] H. Kumakura, H. Kitaguchi, A. Matsumoto, H. HatakeyarAapl. Phys. Lett84 (2004) 18.
[89] S. K. Chen, Z. Lockman, M. Wei, B. A. Glowacki, J. L. MacManus-DriscAlbpl. Phys. Lett86
(2007) 242501.
[90] Y.F.Lu,J.S.Li,S.K.Chen, G. Yan, M. H. Pu, C. S. Li, P. |. ZhaRfysica C467 (2007) 38.
[91] B.J. Senkowicz, R. P. Moyet, R. J. Mungall, J. Hedstrom, O. N. Cakivch, E. E. Hellstrom,
D. C. LarbalestierSupercond. Sci. Techndl9 (2006) 1173.
[92] X.Xu, J. H.Kim, W. K. Yeoh, Y. Zhang, S. X. Dogupercond. Sci. Techndl9 (2006) L47.
[93] D. G. Hinks, J. D. Jorgensen, H. Zheng, S. ShBhysica C382 (2002) 166.
[95] T. Prikhna, W. Gawalek, Y. Savchuk, V. Moshchil, N. Sergienko, A.SBirzhenko, M. Wendt,
S. Dub, V. Melnikov, C. Schmidt, P. Nagorrighysica C386 (2003) 565.
[96] T. Prikhna, W. Gawalek, Y. Savchuk, N. Sergienko, V. Moshchil, 8bDv. Sverdum, L. Kovalev,
V. Penkin, M. Zeisberger, M. Wendt, G. Fuchs, T. Habisreuther, D. Litz&efnB. Nagorny, V. Mel-
nikov, Physica C460 (2007) 595.
[97] X.L.Wang, S. Soltanian, M. James, M. J. Qin, J. Horvat, Q. W. Yad§ H.iu, S. X. Dou,Physica
C 408 (2004) 63.
[98] N. A. Frederick, S. Li, M. B. Mapple, V. F. Nesterenko, S. S. Indrakd®iysica C363 (2001) 1.
[99] A.N.Ling, C. Chen, X. Li, Q. R. Fendsront. Phys. China (2007) 81.
[100] M. Maeda, Y. Zhao, S. X. Dou, Y. Nakayama, T. Kawakami, H. Kobayast{u¥iota,Supercond.
Sci. Technol21 (2008) 032004.
[101] G. Giunchi, G. Ripamonti, T. Cavallin, E. BassaDryogenicst6 (2006) 237.
[102] C. E. Cunningham, C. Petrovic, G. Lapertot, S. L. Bud’ko, F. Laabs,SWaszheim, D. K.
Finnemore, P. C. Canfiel@®hysica C353 (2001) 5.
[103] J. D. DeFouw, D. C. Dunandppl. Phys. Lett83 (2003) 120.
[104] C.B. Eom, M. K. Lee, J. H. Choi, L. J. Belenky, X. Song, L. D. Gy M. T. Naus, S. Patnaik,
J. Jiang, M. Rikel, A. Polyanskii, A. Gurevich, X. Y. Cai, S. D. BuES Babcock, E. E. Hellstrom,
D. C. Larbalestier, N. Rogado, K. A. Regan, M. A. Hayward, T. He, J. S. $JiskKnumaru, M. K.
Haas, R. J. Cav&yature411 (2001) 558.
[105] K. Komori, K. Kawagishi, Y. Takano, H. Fujii, S. Arisawa, H. Kakura, M. Fukutomi, K. Togano,
Appl. Phys. Lett81 (2002) 1047.
[106] H. Abe, K. Nishida, M. Imai, H. Kitazawa, K. Yoshippl. Phys. Lett85 (2004) 6197.
[107] H. L. Suo, C. Beneduce, M. Dhallé, N. Musolino, J. Y. Genoud, Rkigkr, Appl. Phys. Lett79
(2001) 3116.
[108] H. Kumakura, A. Matsumoto, H. Fujii, K. Togandppl. Phys. Lett79 (2001) 2435.
[109] G. Grasso, A. Malagoli, C. Ferdeghini, S. Roncallo, V. Braccini, ASi§, M. R. Cimberle Appl.
Phys. Lett79 (2001) 230.
[110] A. Serquis, L. Civale, D. L. Hammon, J. Y. Coulter, X. Z. Liao, Y.Zhu, D. E. Peterson, F. M.
Mueller, Appl. Phys. Lett82 (2003) 1754.
[111] H. Fang, S. Padmanabhan, Y. X. Zhou, K. SalaAppl. Phys. Lett82 (2003) 4113.
[112] H.Fang, P. T. Putman, S. Padmanabhan, Y. X. Zhou, K. Salduprcond. Sci. Techndl7 (2004)
717.
[113] B.A. Glowacki, M. Majoros, M. Vickers, J. E. Evetts, Y. Shi, |. Mcdyall, Supercond. Sci. Technol.
14 (2001) 193.
[114] A.K.Pradhan, S. B. Roy, P. Chaddah, C. Chen, B. M. Wank¥ys. Rev. B9 (1994) 12984.
[115] C. Meingast, D. C. Larbalestiel, Appl. Phys66 (1989) 5971.
[116] C. Meingast, P. J. Lee, D. C. LarbalestigrAppl. Phys66 (1989) 5962.

160



References 161

[117]
[118]

[119]
[120]
[121]

[122]
[123]
[124]
[125]
[126]
[127]
[128]
[129]
[133]

[130]
[131]

[132]
[134]
[135]

[136]

[137]
[138]

[140]
[139]

[142]
[141]
[143]
[144]

[145]

R. M. Scanlan, W. A. Fietz, E. F. Koch, Appl. Phys46 (1975) 2244.

S. X. Dou, X. L. Wang, Y. C. Guo, Q. Y. Hu, P. Mikheenko, J. Horwét lonescu, H. K. Liu,
Supercond. Sci. Techndl0 (1997) A52.

J. ShimoyamaSupercond. Sci. Techndl3 (2000) 43.
T. MatsushitaSupercond. Sci. Techndl3 (2000) 730.

Y. P. Sun, W. H. Song, B. Zhao, J. J. Du, H. H. Wen, Z. X. ZhaoCHKu, Appl. Phys. Lett76
(2000) 3795.

E. Martinez, P. Mikheenko, M. Martinez-Lépez, A. Millan, A. Bevan, J. Belj Phys. Rev. B'5
(2007) 134515.

H. Kitaguchi, A. Matsumoto, H. Kumakura, T. Doi, H. Yamamoto, KitSh, H. Sosiati, S. Hata,
Appl. Phys. Lett85 (2004) 2842.

X.Y. Song, S. E. Babcock, C. B. Eom, D. C. Larbalestier, R. Ka, Ra¥aCS. L. Bud'ko, P. C.
Canfield, D. K. FinnemoreSupercond. Sci. Techndl5 (2002) 511.

A. Yamamoto, J. Shimoyama, S. Ueda, Y. Kastura, |. Iwayama, S. Horii, 8hi&iAppl. Phys.
Lett. 86 (2005) 212505.

S. Li, T. White, K. Laursen, T. T. Tan, C. Q. Sun, Z. L. Dong, Y, &i H. Zho, J. Horvat, S. X. Dou,
Appl. Phys. Lett83 (2005) 314.

Y. Bugoslavsky, L. F. Cohen, G. K. Perkins, M. Polichetti, TTdte, R. Gwilliam, A. D. Caplin,
Nature411 (2001) 561.

A. Martinelli, C. Tarantini, E. Lehmann, P. Manfrinetti, A. Palenzonaallézhi, M. Putti, C. Fer-
deghini,Supercond. Sci. Techn@l (2008) 012001.

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

K. Vinod, R. G. A. Kumar, U. Syamapras&a8iypercond. Sci. Techn@0 (2007) R1.
S. X. Dou, S. Soltanian, W. K. Yeoh, Y. Zharl§EE Trans. Appl. Supercond5 (2005) 3219.

S. X. Dou, O. Sherbakova, W. K. Yeoh, J. K. Kim, S. Soltanian, XWang, C. Senatore,
R. Fliikiger, M. Dhallé, O. Husnjak, E. Babihys. Rev. Let®8 (2007) 097002.

W. K. Yeoh, S. X. DouPhysica C456 (2007) 170.
M. Bhatia, M. D. Sumption, E. W. Colling$£EE Trans. Appl. Supercond5 (2005) 3204.

Y. Feng, Y. Zhao, A. K. Pradhan, C. H. Cheng, J. K. F. Yau, L. ZhawKéshizuka, M. Murakami,
Appl. Phys. Lett92 (2002) 2614.

Y. Zhao, Y. Feng, C. H. Cheng, L. Zhou, Y. Wu, T. Machi, Y. Fudaod. Koshizuka, M. Mu-
rakami,Appl. Phys. Lett79 (2001) 1154.

T. M. Shen, G. Li, C. H. Cheng, Y. ZhaBupercond. Sci. Techndl9 (2006) 1190.

S. X. Dou, S. Soltanian, Y. Zhao, E. Getin, Z. Chen, O. Shcherballoworvat,Supercond. Sci.
Technol.18 (2005) 710.

Y. Ma, X. Zhang, G. Nishijima, K. Watanabe, S. Awaji, X. BAppl. Phys. Lett88 (2006) 072502.

M. Hermann, W. Haessler, C. Rodig, W. Gruner, B. Holzapfel, L. Schidlppl. Phys. Lett91
(2007) 082507.

S. X. Dou, S. Soltanian, J. Horvat, X. L. Wang, S. H. Zhou, M. laned. K. Liu, P. Munroe,
M. Tomsic,Appl. Phys. Lett81 (2002) 3419.

S. X. Dou, A. V. Pan, S. H. Zhou, M. lonescu, X. L. Wang, J. HorvatKHLiu, P. R. MunroeJ.
Appl. Phys94 (2003) 1850.

S. X. Dou, A. V. Pan, S. H. Zhou, M. lonescu, H. K. Liu, P. R. Musw8upercond. Sci. Technol.
15 (2002) 1.

A. Matsumoto, H. Kumakura, H. Kitaguchi, B. J. Senkowicz, M. C.dlevE. E. Hellstrom, Y. Zhu,
P. M. Voyles, D. C. LarbalestieAppl. Phys. Lett89 (2005) 132508.

S. Zhou, A. V. Pan, D. Wexler, S. X. DoAgdv. Mater.19 (2007) 1373.

161



162

References

[148]
[146]
[149]
[147]

[150]
[151]

[152]
[153]

[154]
[155]
[156]
[157]

[158]
[159]
[160]
[161]
[162]

[163]
[164]
[165]

[166]
[167]
[168]
[169]
[170]

[171]
[172]
[173]

[174]
[175]

[176]

S. K. Chen, M. Wei, J. L. MacManus-Driscolppl. Phys. Lett88 (2006) 192512.
C. Cheng, Y. ZhadAppl. Phys. Lett89 (2006) 252501.
X. F. Pan, T. M. Shen, G. Li, C. H. Cheng, Y. Zh&hys. Status Solidi (€04 (2007) 1555.

J. Wang, Y. Bugoslavsky, A. Berenov, L. Cowey, A. D. Caplin,A..Cohen, J. L. MacManus-
Driscoll, L. D. Cooley, X. Song, D. C. Larbalesti€thys. Status Solidi (691 (2002) 2026.

T. H. Johansen, M. Baziljevich, D. V. Shantsey, P. E. Goa, Y. Mp&ah, W. N. Kang, H. J. Kim,
E. M. Choi, M. S. Kim, S. |. LeeEurophys. Lett59 (2002) 599.

D. V. Shantsev, A. V. Bobyl, Y. M. Galperin, T. H. Johansen, S.de]Phys. Rev. B2 (2005)
024541.

I. Felner, V. P. S. Awana, M. Mudgel, H. Kishah,Appl. Phys101 (2007) 09101.

S. K. Chen, K. A. Yates, M. G. Blamire, J. L. MacManus-Drisc8Upercond. Sci. Techndl8
(2005) 1473.

F.Wu, Y. F. Lu, G. Yan, J. S. Li, Y. Feng, H. P. Tang, S. K. ChenLHXu, C. S. Li, P. X. Zhang,
Supercond. Sci. Techndl9 (2006) 1215.

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

W. HaRler, B. Birajdar, W. Gruner, M. Herrmann, O. Perner, C. Rodig, MuBett, B. Holzapfel,
O. Eibl, L. Schultz Supercond. Sci. Techndl9 (2006) 512.

D. Wang, Y. Ma, Z. Yu, Z. Gao, X. Zhang, K. W, E. Mossaypercond. Sci. Techn@0 (2007)
574.

J. S. Rhyee, C. A. Kim, B. K. Cho, J. T. KimAppl. Phys. Lett80 (2002) 4407.

Q. Z. Shi, Y. C. Liu, Q. Zhao, Z. Q. Ma, Alloys Compd458 (2008) 553.

S.C.Yan, G. Yan, C. F. Liu, Y. F. Liu, L. Zhou, Alloys Compd437 (2007) 298.

Y. C. Liu, Q. Z. Shi, Q. Zhao, Z. Q. Ma, Mater. Sci: Mater. Electronl8 (2007) 855.

C. Cui, D. Liu, Y. Shen, J. Sun, F. Meng, R. Wang, S. Liu, A. lte&, S. Chen, B. A. Glowacki,
Acta Mater.52 (2004) 5757.

E. Martinez, L. A. Angurel, R. Navarr§upercond. Sci. Techndl5 (2002) 1043.
S. Zhou, A. V. Pan, M. lonescu, H. Liu, S. X. DdBupercond. Sci. Techndl5 (2002) 236.

W. HaRler, C. Rodig, C. Fischer, B. Holzapfel, O. Perner, J. Eckert, Kkdle1. FuchsSuper-
cond. Sci. TechnolL6 (2003) 281.

C. R. M. Grovener, L. Goodsir, C. J. Salter, P. Kby HuSek,Supercond. Sci. Technd7 (2004)
479.

P. Fabbricatore, M. Greco, R. Musenich, P. Kgva Husek, F. GomorySupercond. Sci. Technol.
16 (2003) 364.

Y. Feng, G. Yan, Y. Zhao, X. J. Wu, A. K. Pradhan, X. Zhang, C. F, {uH. Liu, L. Zhou,
Supercond. Sci. Techndl6 (2003) 682.

E. Bellingeri, A. Malagoli, M. Modica, V. Braccini, A. S. Siri, G. GrasSupercond. Sci. Technol.
16 (2003) 276.

A. Stenvall, I. Hiltunen, A. Korpela, J. Lehtonen, R. Mikkonen, djavhaa, G. Grass@&upercond.
Sci. Technol20 (2007) 386.

H. Kitaguchi, H. KumakuraSupercond. Sci. Techndi8 (2005) S284.
W. Goldacker, S. I. Schlachter, B. Liu, B. Obst, E. KlimenRbysica C401 (2003) 80.

R. Musenich, P. Fabbricatore, S. Farinon, C. Ferdeghini, G. Grasso,rétoGA. Malagoli,
R. Marabotto, M. Modica, D. Nardelli, A. S. Siri, M. Tassisto, A. Tumid&EE Trans. Appl.
Supercondl15 (2005) 1452.

P. Kov&, I. HuSek, T. MeliSek, E. Martinez, M. Dhall8upercond. Sci. Techndl9 (2006) 1076.

B. Seeber (Ed.), Handbook of Applied Superconductivity, Vol. 1,ititst of Physics Publishing,
Bristol and Philadelphia, (1998).

J. W. Ekin,J. Appl. Phys49 (1978) 3406.

162



References 163

[177] J. W. Ekin, A. Clark, J. C. Ha). Appl. Phys49 (1978) 3410.

[178] T. Holubek, P. Kovg, T. MeliSek,Supercond. Sci. Techndl8 (2005) 1218.

[179] T. Holubek, M. Dhallé, P. Kow& Supercond. Sci. Techn@0 (2007) 123.

[180] A. Stenvall, A. Korpela, J. Lehtonen, R. MikkoneSypercond. Sci. Techn@0 (2007) 92.
[181] M. Angst, S. L. Bud’ko, R. H. T. Wilke, P. C. Canfiel@hys. Rev. B'1 (2005) 144512.
[182] A.F. Goncharov, V. V. StruzhkirRhysica C385 (2003) 117.

[183] P. Kov&, I. HuSek, J. C. Grivel, W. Pachla, V. Strbik, R. Diduszko, J. HomeyeH .Nandersen,
Supercond. Sci. Techndl7 (2004) L41.

[184] C. H. Jiang, H. Hatakeyama, H. KumakuPdysica C423 (2005) 45.

[185] Z.H. Cheng, B. G. Shen, J. Zhang, S. Y. Zhang, T. Y. Zhao, H. VeloZh Appl. Phys91 (2002)
7125.

[186] I. G. Markovska, L. A. Lyubche\]. Thermal Analysis and Calorimeti§9 (2007) 809.

[187] B. B. Nayak, B. Mohanty, S. K. Singll, Am. Ceram. So@9 (1996) 1197.

[188] P. K. Mishra, B. B. Nayak, B. Mohanty, Am. Ceram. So@38 (1996) 2381.

[189] Y. Zhao, Y. Feng, T. M. Shen, G. Li, Y. Yang, C. H. ChedgAppl. Phys100 (2006) 123902.
[190] A.Yamamoto, J. Shimoyama, S. Ueda, S. Horii, K. Kistibysica C445-448 (2006) 801.

[191] S. Haigh, P. Kovg T. A. Prikhna, Y. M. Savchuk, M. R. Kilburn, C. Salter, J. Hutchison,
C. GrovenorSupercond. Sci. Techndl8 (2005) 1190.

[192] Y. Zhao, D. X. Huang, Y. Feng, C. H. Cheng, T. Machi, N. KoshizukaMarakami,Appl. Phys.
Lett. 80 (2002) 1640.

[193] X.L.Wang, S. H. Zhou, M. J. Qin, P. R. Munroe, S. Soltanian, HLK, S. X. Dou,Physica C
385 (2003) 463.

[194] Y. Ma, X. Zhang, A. Xu, X. Li, L. Xiao, G. Nishijima, S. Awaji, KWatanabe, Y. Jiao, L. Xiao,
X. Bai, K. Wu, H. Wen,Supercond. Sci. Techndl9 (2006) 133.

[195] X.L.Wang, Z. X. Cheng, S. X. Dowppl. Phys. Lett90 (2007) 042501.

[196] A. Yamamoto, J. Shimoyama, |. lwayama, Y. Katsura, S. Horii, K. KisRbysica C463-465
(2007) 807.

[197] R. H. T. Wilke, S. L. Bud’ko, P. C. Canfield, D. K. Finnemore, R. dpfnskas, S. T. Hannahs,
Phys. Rev. Let®2 (2004) 217003.

[198] T. Takenobu, T. Ito, D. H. Chi, K. Prassides, Y. lwaBays. Rev. B4 (2001) 134513.

[199] A. Serquis, Y. T. Zhu, E. J. Peterson, J. Y. Coulter, D. E. Petefsavi, Mueller, Appl. Phys. Lett.
79 (2001) 4399.

[200] A. Gurevich,Phys. Rev. B7 (2003) 184515.

[201] A. Gurevich, S. Patnaik, V. Braccini, K. H. Kim, C. Mielke, X. Song,. Cooley, S. D. Bu, D. M.
Kim, J. H. Choi, L. J. Belenky, J. Giencke, M. K. Lee, W. Tian, X. Q. PanShi, E. E. Hellstrom,
C. B. Eom, D. C. Larbalestie§upercond. Sci. Techndl7 (2004) 278.

[202] S. X. Dou, V. Braccini, S. Soltanian, R. Klie, Y. Zhu, S. Li, X. L.ang, D. Larbalestier). Appl.
Phys.96 (2004) 7549.

[203] Y. Zhu, A. Matsumoto, B. J. Senkowicz, H. Kumakura, H. Kitaguchi@1Jewell, E. E. Hellstrom,
D. C. Larbalestier, P. M. Voyles, Appl. Phys102 (2007) 013913.

[204] X. Zhang, Y. Ma, Z. Gao, D. Wang, S. Awaji, G. Nishijima, K. Watanalie-E Trans. Appl.
Supercond17 (2007) 2915.

[205] K. Vinod, N. Varghese, S. B. Roy, U. Syamaprasaapercond. Sci. Techn@2 (2009) 055009.

163



	TITLE
	DECLARATION
	CERTIFICATE
	Acknowledgments
	PREFACE
	publications
	Contents
	List of Figures
	List of Tables
	List of Abbreviations
	List of Symbols
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	Chapter 6
	References



