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Abstract

Bulk (RE)—Ba—Cu—O [(RE)BCO] cuprate HTS have been developed steadily towards a wide
range of sustainable engineering and technological applications since their discovery in 1986
based primarily on their unique potential to trap very large magnetic fields (>5 T) at
temperatures that are accessible potentially by thermo-electric cooling techniques. Trapped
fields of ~10 T at the surface of individual (RE)BCO bulk single grains and in excess of 17 T in
a reinforced two-sample stack are now being achieved reliably. This paper reviews the current
state of the art of the processing of large, single grain (RE)BCO bulk superconductors required
to trap fields of this magnitude, and specifically via two advanced fabrication approaches; the
traditional TSMG process and the more recently developed TSIG technique. The focus of the
review is on optimising the critical processing parameters to achieve high-quality, high
performance single grain (RE)BCO bulk superconductors specifically for high-field
applications. The review also summarises recent advances in processing, such as the integration
of the so-called buffer technique into the TSMG and TSIG processing methodologies to achieve
improved reliability in single grain growth with a success rate exceeding 90%, the development
of a Mg-doped NdBCO generic seed crystal for the successful growth of all rare-earth and
light-rare earth based bulk superconductors [(RE)BCO and (LRE)BCO] and the introduction of
nano-size stable, non-superconducting phase(s) to the bulk microstructure to improve the
intrinsic flux pinning strength of the material, and hence trapped magnetic field. Details of the
two-step buffer-aided TSIG technique developed recently that yields dense, near-net shaped,
high performance (RE)BCO bulk superconductors with improved superconducting and
mechanical properties are also presented. Suitable sample-seed configurations for effective
multi-seeding are discussed, which enables the production of high aspect ratio, bar-shaped
(RE)BCO quasi-single grains that exhibit improved levitation forces required in Maglev-based
applications, for example, are discussed. The electrical, mechanical, microstructural and
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magnetic properties (including those achieved from a pulsed-field magnetisation approach) of
the different (RE)BCO systems are presented and the relevant correlation in properties and
performance highlighted, accordingly. Finally, a brief summary of existing applications and
prospects for near-future exploitation of these remarkable, technologically important materials,
and particularly in the medical and pharma-industries, is provided.

Keywords: (RE)BCO bulk superconductor, single grain growth, superconducting properties,
trapped field, microstructure, mechanical properties
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Acronyms—expansions and symbols, as they
appear in the article

TSMG
TSIG
HTS
Hirr
(RE)BCO
T.

Je

H.

A

3

K

BCS theory
Y-211
Y-123
Ty
QMG
MPMG
OCMG
MG
RE-123
RE-211
1G

Tmax

Tiso

Y-2411
ts and t¢

RCC
Rin

CCIH
BA-TSMG

(NSG)BCO
(NEG)BCO
(SEG)BCO
(YSN)BCO
(YGd)BCO
LA-TSMG

I,

APC

TEM

J.(H)

By
HP
CI)()
h
e

top seeded melt growth

top-seeded infiltration and growth
high temperature superconductors
irreversibility field

RE-Ba-Cu-O

critical temperature

critical current density

critical magnetic field

penetration depth

coherence length

Ginzburg-Landau parameter
Bardeen—Cooper—Schrieffer theory
YzBaCu05

YBazCU307_5

peritectic temperature

quench melt growth

melt powder melt growth

oxygen controlled melt growth

melt growth

REBazCU307_5

REzBaCUO5

infiltration and growth

maximum processing temperature
isothermal temperature

growth start temperature

growth final temperature

growth temperature

single-grain growth rate
undercooling temperature

single grain length

single grain growth rate along a/b-axis
single grain growth rate along c-axis
Y2Ba4Cu1M10y

are the growth time(s) associate with start and
end of the continuous cooling period, respect-
ively

single grain growth rate during continuous cool-

ing

single grain growth rate during isothermal hold

period

continuous cooling and isothermal holding
buffer-assisted top-seeded melt-growth
(Nd,Sm,Gd);Ba,Cu3 O
(Nd,Eu,Gd)1332CU307
(Sm,Eu,Gd)lBaQCU3O7

(Y,Sm,Nd)l Ba2CU307
(Yo05,Gdo5)1BazCuz Oy

liquid-assisted top-seeded melt growth
critical current

artificial pinning centres

transmission electron microscopy

field dependence of J.

trapped field

peak field

flux quantum (=h/2e)

Planck’s constant (6.62 x 10™3* m? kg s7h
charge of electron (1.6 x 107 C)

ar Vortex lattice spacing

Fq drag force

F; interfacial force

Ao, interfacial energy

Aosp surface energy at the solid/particle interface

Aorp surface energy at the liquid/particle interface

Aost surface energy at the solid/liquid interface.

r critical size of the RE-211 particle

n viscosity of the melt

p electrical resistivity

FC field-cooling

ZFC zero-field cooling

PFC pulsed-field cooling

PFM pulsed field magnetisation

o tensile stress

Bo maximum trapped field in the sample

140 permeability of space/vacuum permeability
(4r x107"Hm™")

Gd210 Gd,Ba0y

RT room temperature

Kic fracture toughness

LNT liquid nitrogen temperature

MRI magnetic resonance imaging

NMR nuclear magnetic resonance

MAGLEV magnetic levitation

LTS low temperature superconductor

F magnetic force

B magnetic induction

Fy, Lorentz force

U mean flow velocity of the liquid/fluid

% Characteristic volume.

SF shielding factor

Biim threshold induction or limiting field

Bippl applied magnetic field

Bin induced field

RABITS rolling-assisted biaxially textured substrate

MOCVD metal-organic chemical-vapor deposition

PLD pulsed laser deposition

LHC Large Hadron Collider

ITER international thermonuclear experimental
reactor

FCC future circular colliders

SAED selected area electron diffraction

1. Introduction

HTS fabricated in the form of large, single grain bulk samples
have the potential to carry large macroscopic currents and
therefore to generate some of the largest magnetic fields
ever recorded in the history of the planet. This makes these
technologically important materials particularly attractive for
wide variety of engineering applications, including trapped
field magnets, flywheel energy storage, magnetic separation
and compact motors and generators [1]. The magnetisation of
bulk, single grain superconductors scales with sample volume,
unlike conventional permanent magnet materials, such as Sm—
Co or Nd-Fe-B, for which magnetisation is generally inde-
pendent of sample size. As a result, the larger the single grain
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and the higher its current carrying ability, the greater the mag-
nitude of magnetic field the material can trap. Furthermore,
and interestingly, the potential of a bulk superconductor for
trapping magnetic field increases significantly as temperat-
ure is reduced due to its enhanced associated superconducting
properties. One key figure of merit that determines generally
the overall potential of a superconducting material for prac-
tical applications at a given temperature, and particularly in the
presence of applied magnetic field, is its so-called irreversibil-
ity field, H. The temperature dependence of Hj, Hi(T), is
referred to conventionally as the ‘irreversibility line’. The irre-
versibility lines for a selection of high-temperature supercon-
ductors are shown in figure 1, which shows clearly that (RE)—
Ba—Cu-O ((RE)BCO, where RE is a rare earth element or Y)
materials are operable practically at LNTs (77 K) and offer a
significant potential performance advantage over other HTS
materials [2]. This review focusses on the processing, proper-
ties and applications of bulk high temperature superconduct-
ing materials with a particular emphasis on the (RE)BCO fam-
ily of superconductors.

1.1. Superconductivity: basic concepts

Superconductivity, which was first discovered in mercury [3]
by the Dutch Physicist Heike Kammarlingh-Onnes in 1911
at 4.2 K, is now observed in many thousands of metals and
alloys [4-6]. A material is classed as superconducting if it
exhibits two basic properties; zero resistance to the flow of
dc electrical current and complete magnetic flux expulsion at
low magnetic fields, leading to perfect diamagnetism (the lat-
ter is known as the Meissner effect). The superconducting state
is known to exist below certain thermodynamic limits defined
by T., J., and H.. The quest to enhance the magnitude of these
critical parameters, and therefore to improve the potential for
practical applications employing superconducting materials in
their various forms has been on-going since their discovery
more than 100 years ago.

Superconductors, in general, are classified as either type-1
or type-2 based on their intrinsic properties such as magnetic A
and &. In practice, the ratio %, referred to as Ginzburg—Landau
parameter and denoted as ‘x’, determines the class into which
superconductors fall. Typically, if x > % then the material is
classified as type-II, otherwise it is type-1. Typical values of 7,
H,, A and ¢ of some type-I and type-II superconducting mater-
ials are shown in table 1, with other basic properties of super-
conducting materials reported elsewhere [7-9]. The evolution
with time of the discovery of various superconducting mater-
ials with respect to 7' is shown in figure 2.

Prior to 1986, the compound Nbs;Ge exhibited the
maximum 7. of 23 K [11] of any known superconductor,
which is consistent with the limit of the popular and success-
ful Bardeen—Cooper—Schrieffer theory (the so-called BCS the-
ory) [12]. The discovery of superconductivity in the barium-
lanthanum-cuprate oxide system by Bednorz and Miiller in
1986 [13] with a relatively high 7. of ~33 K, however,

14 T T T T T
Bi-2223 T1-1223
12 H -
~ Bi-2212
= w0 F
=
2 8
)
2 °r
5
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=
- 2 |
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Figure 1. Hj, as a function of reduced temperature ‘7/T.’ (i.e. the
so-called irreversibility line) for selected high-temperature
superconducting materials [2]. Here 7' indicates critical
temperature. Reprinted from [2], with the permission of IOP
Publishing.

exceeded significantly the theoretical BCS limit and pro-
duced great excitement broadly within the fields of physics,
chemistry and applied science. Soon after this discovery,
in 1987, Wu et al [14] observed superconductivity in the
YBa;CuszO7_5 (YBCO or Y-123) system with 7, ~ 92 K,
which formed a very important step forward, since, signific-
antly, this material was the first to exhibit superconductivity
above 77 K, the boiling point of liquid nitrogen. Hg-1223 with
a T, as high as 153 K (and 163 K under pressure), H,S with
a T. approaching 200 K (under a pressure of 150 GPa) and
LaH;o with T as high as 250 K (again, under a pressure of
170 GPa) have emerged subsequently with even higher super-
conducting temperatures [15, 16]. In parallel, new supercon-
ducting systems, described as intermediate superconductors
with 7. in the range 30 K-60 K, including MgB, [17] and sev-
eral Fe-based materials (LaFeAs, SmFeAs, FeSe and more)
[18-20], have emerged over the last two decades that are fas-
cinating from physics point of view and are being researched
further to explore their suitability for applications. Detailed
reviews on these topics can be found elsewhere [21, 22].
To date (2020) as many as seven Nobel Prizes have been
awarded for different aspects of superconductivity, from the
discovery of superconductivity to their application (including
Josephson junctions [23]), which is unprecedented in field
of applied science. In the present review, we will present
mainly the various processing, characterisation and applied
properties of rare-earth based bulk, HTS cuprate materials. Of
particular focus will be the processing of these materials into
large, single grains by techniques based on melt-growth and
infiltration-growth, which will be described in detail. Recent
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Table 1. Characteristic parameters of some type-I and type-II superconducting materials.

Critical temperature

Coherence length £y  Penetration depth )\

Category Material T. (K) Critical field H. (T) (nm) (nm)
Type-1 Al 1.2 0.01 1600 16
superconductors In 34 0.03 400 25
Sn 3.7 0.03 300 28
Pb 7.2 0.08 110 37
Nb 9.3 0.2 38 85
Type-II conventional NbTi 10 11 6 300
superconductors V3Ga 15 23 3 90
NbN 15.7 15 6.5 200
V3Si 16 20 3 60
NbzSn 18 26 4 50
Nbs Al 17.5 324 4
Nb3Ge 23.2 38 3 90
Type-11 LaBCO 30 65 1.5
non-conventional YBa;Cuz;O7_, (Y- 92 120 Eap:26&:04 150 800
high-temperature 123)
superconductors Bi;Sr,CayCuszOg 110 100 1.4 200
(Bi-2223)
TIBCCO 125 33 Eap: 8 €01 280 220
MgB, 39 40 Cap 4—12 &, 85—180
1.6—3.6
H,S T¢: 200 K (under a pressure of 150 GPa)
LaH,o T¢: 250 K (under a pressure of 170 GPa)
300 phase kinetics of the relatively complex (RE)BCO system,
. 1 but also for formulating a compositional route for the growth
X 250 AT of individual single grains by a variety of available melt-
= B growth processing techniques. Details of the complex tern-
£ 200 S ary phase diagrams for different (RE)BCO compositions have
© 1 been described previously in several reports [24—27]. Here, we
®© 150 m Hg-1223 (@30/GFa) . .
o u Hg-1223 provide only a broad and general overview of the use of phase
E | 5 Bi2223 Lig. natural gas ~ diagrams for materials processing purposes for readers new to
o 100 = YBCO Lig. Oxygen this field in order to aid understanding of the (RE)BCO sys-
o E fragy Liqg. Nitrogen . . . .
£ o e =8, g:giqueeAs tem and to .1nform subsequent dlscu351op. Further details and
S | 4 5|2 £ ‘5 n P oelaFere  understanding of the (RE)BCO phase diagrams can be found
0 b %f I N i - i =1 "L‘fBCO M [i';_ ;,;“un:ﬁ‘ in the above references.
1900 1925 1950 1975 ZOIOO 20I25 The thermodynamic behaviour of YBCO has been studied
Year extensively from equilibrium phase diagrams for the Y,03—

Figure 2. Discovery of superconductors with increasing 7'c as a
function of time (inspired from [10]). The cuprate-based HTS that
are the prime focus in this review are indicated by the squares (red,
online).

developments in these fabrication methodologies will be sum-
marised with the important results highlighted on a (RE)BCO
material-by-material basis. Finally, the superconducting and
mechanical properties of bulk (RE)BCO superconductors fab-
ricated by these techniques and the potential pathways for
their practical application will be presented.

1.2. Phase diagram, peritectic temperature and flux pinning

The rich information contained within the relevant phase dia-
gram provides an easy path, not only to understanding the

BaO—-CuO, system over a broad temperature range. In par-
ticular, a pseudo-binary phase diagram has been developed
based on the solidification of different phases in the system
(YBaZCu3O7,5 (Y—123), YzB&CUOs (Y—211) and BaCqu—
CuO) at different temperatures, which has provided an in-
sight into, and appreciation of, fine-tuning of the parameters
that then enable the single grain growth of YBCO via dif-
ferent melt-growth techniques. The oxygen partial pressure
is known to influence strongly the phase diagram of oxide,
with particular emphasis on the SmBCO and NdBCO sys-
tems, within which LRE/Ba solid solutions can form eas-
ily due to the comparability of the sizes of the RE and Ba
ions. The pseudo-binary phase diagram for YBCO is shown in
figure 3(a), which indicates the temperature window for liquid
phase formation and provides information on the peritectic
temperature in the phase region where Y-123 melts incongru-
ently to form Y-211 and a liquid phase. This reversible reaction
also provides valuable information of when to seed the system
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Figure 3. Pseudo-binary phase diagram of the YBCO system providing information on the peritectic temperature of the compound and on
fine-tuning the heat treatment parameters to obtain a single grain of YBCO, by a controlled seeding process. The isothermal line, reaction
zone and the liquidus line can also be seen in the figure. Reprinted from [29], with the permission of Elsevier. (b) DTA scans of some of the
cuprate-based high temperature superconducting materials exhibiting a peritectic temperature.

Table 2. Peritectic temperatures of various rare-earth based
(RE)BCO superconductors, measured in air.

Peritectic temperature

RE in (REBa;Cu307_5) Tp (°C) (error: £5 °C)

Nd 1068
Sm 1054
Eu 1046
Gd 1030
Dy 1010
Y 1005
Dy 1005
Er 990
Yb 960

(as in the so-called hot-seeding approach) to enable heterogen-
eous nucleation and to fine-tune the heat treatment conditions
to enable the growth of a single grain. Lee and Lee [28], car-
ried out experiments and studied liquidus line formation in the
Y,03-BaO-CuO, system at 1223 K and 1273 K at 0.21 atm
oxygen pressure. DTA thermal scans showing the decompos-
ition temperatures of some of the cuprate-based materials are
shown in figure 3(b). Finally, the T, for (RE)BCO compounds
are summarised in table 2.

2. Practical and economic processing of (RE)BCO
for engineering applications

The ability of a bulk superconductor to trap a large magnetic
field is determined generally by the product of the critical cur-
rent density, J., and the length-scale over which the current
flows (usually the sample grain size ‘d’), J.d [1, 2]. It is essen-
tial, therefore, that (RE)BCO is processed in the form a large,
single grain with a uniform, high J. if it to be used in practical

applications, with state of the art (RE)BCO materials exhibit-
ing current densities in excess of 10000 A cm~2 at 77 K and
single grain sizes of up to 6 cm. Extensive work was carried
out between 1987 and 2003 to fabricate (RE)BCO bulk super-
conductors as individual single grains. As a result, a variety
of successful melt processing techniques had been developed
by 2003, with the thermal profiles for the different systems
almost fully optimised, albeit under a reduced-oxygen atmo-
sphere, and particularly for Sm and Gd based (RE)BCO com-
positions. A detailed account of the processing of (RE)BCO
bulk, single grain superconductors prior to 2003 can be found
in several publications, including review articles and hand-
book chapters [30-33]. This review article addresses primarily
the development of the processing of (RE)BCO single grains
since 2003, during which substantial progress has been made
towards the reliable growth of bulk (RE)BCO superconductors
with increased trapped field and processed, more practically,
under an air atmosphere.

2.1. Fabrication techniques based on MG: TSMG

Bulk (RE)BCO HTS tend to be granular in nature, with their
current carrying capacity limited severely by the weak-link
nature of any grain boundaries and the presence of pores and
other macro-defects present in the sample microstructure. To
overcome the grain boundary problem, concerted attempts
have been made to develop a number of effective melt pro-
cessing routes, including QMG [34], MPMG [35], OCMG
[36] and TSMG [37] to transform the entire sample into one
large, single grain. TSMG has emerged over the past two
decades as the most practical and successful process for the
fabrication of (RE)BCO single grains that can support current
densities in excess of 10000 A cm~2 at 77 K (note this current-
carrying ability is enhanced further at lower temperatures).



Supercond. Sci. Technol. 34 (2021) 053002

Topical Review

20 um

Figure 4. The influence of grain-refining agents on the bulk (RE)BCO single grain microstructure. (a) Standard SmBCO with no added
grain-refiner, (b) SmBCO containing added Pt and (¢) SmBCO containing added CeO,. The micrographs show the presence of Sm-211
inclusions in a superconducting Sm-123 phase matrix. CeO; has emerged as a more effective Sm-211 grain-refining agent than Pt for the
SmBCO system. Images in this figure are reprinted from [44], with necessary permissions.

2 (RE) BagCu3O7,x = (RE)2BaCu05 + 3 BaCqu + 2CuO + (05 —x) 02

Solid Solid

The use of a seed crystal to control heterogeneous grain
nucleation and growth can be used further to reduce sub-
stantially the number of grain boundaries formed during
the MG process. The pre-form compact for the TSMG
fabrication route, or green body, is prepared using pre-
cursor powder comprised mainly of RE-123 enriched with
added RE-211 to constitute a mixture corresponding typ-
ically to RE-123: RE-211 ~ 75: 25 by weight. A seed
crystal (of higher melting temperature, such as NdBCO or
SmBCO for YBCO) is used to nucleate and grow a single
grain of (RE)BCO. The addition of RE-211 to the RE-
123 precursor powder prior to melt processing serves three
purposes:

(a) To provide a greater concentration of RE-flux at the
growth-front to propagate growth more rapidly;

(b) To minimise the out-flow of liquid phase during the pre-
cursor melting stage and;

(c) To provide extra RE-211 phase in the final, as-grown
sample, which generates flux pinning centres and enhances
the current density of the single grain (to be discussed
later).

Various grain-refiners are also used in the TSMG pro-
cess to refine the size and distribution of RE-211 inclusions
within the final sample microstructure in order to optimise
its superconducting properties and to increase microstructural

Liquid Gas. @))]

homogeneity. Pt and CeO, have emerged as successful grain-
refining agents for YBCO, in particular. Of these, CeO, is sig-
nificantly more cost-effective than Pt, which is important for
the development of a large-scale production process. Micro-
structures of a typical single grain of SmBCO sample fabric-
ated by TSMG are shown in figure 4. This figure illustrates
the influence of grain refining agents on the size of RE-211
phase inclusions embedded within the superconducting RE-
123 phase matrix (CeO; refines the Sm-211 phase efficiently
compared to Pt in the case of SmBCO [44]).

2.2. Seeding

Seeding is a critical step for heterogeneous nucleation and
single grain growth of (RE)BCO bulk superconductors via a
melt process. The following three important characteristics
qualify a material to function as an effective seed crystal, at
least in the so-called cold seeding process:

(a) A higher melting temperature than the (RE)BCO system
being grown into a single grain;

(b) A similar crystal structure to the material being fabricated
and;

(c) Phase-stability with the melt.

Cleaved seed crystals either of the same system (as used
in so-called hot seeding) or of systems with higher peri-
tectic temperature (as used in so-called cold seeding) form the
site where the single grain nucleation process occurs in the
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Figure 5. (a) The top surface of an YBCO single grain from which faceted growth can be seen clearly. Growth facet lines as observed
experimentally in YBCO sample along the a—b plane and along the c-axis are shown in (a) and (b). These features are represented
schematically in (c) and (d), respectively. Cross-sectional image in (b) is reprinted from [46], with necessary permission.

semi-molten, or peritectically-decomposed, (RE)BCO mater-
ial. Cleaved seed crystals with perfect a—b crystallographic
plane alignment are therefore employed to fabricate (RE)BCO
bulk superconductors in the form of single grains. Both MG
and IG techniques employ seed crystals to grow large, single
grain, as will be discussed later. The influence of morpho-
logy and size of seed crystal on single grain growth via the
TSMG process has been studied by Sudhakar Reddy et al
[45]. It was observed that the use of small, square-shaped
seed crystals to nucleate MG results characteristically in point
nucleation with the usual habitual growth symmetry, whereas
circular- and triangular-shaped seeds modify the initial growth
sector geometry of the (RE)BCO single grain. The use of a
large seed decreases significantly the processing time asso-
ciated with single grain fabrication, although, on a micro-
scopic scale, large-sized seeds are susceptible to containing
numerous defects, which can cause the nucleation of unwanted
sub-grains. Practical melt processes, therefore, use small, per-
fectly aligned seed crystals (with higher melting temperature)
to obtain single grains of (RE)BCO. An example of a YBCO
single grain fabricated using such a seed, with the growth dir-
ections marked schematically, is shown in figure 5.

2.3. Isothermal vs undercooling—growth rate studies and
misorientation studies
TSMG processing usually involves two distinct heat-treatment

techniques:

(a) Isothermal decomposition and nucleation, and
(b) Controlled undercooling.

The isothermal process involves cooling the system from
the maximum temperature of the melt (7., as illustrated
schematically in figure 6(a)) to a temperature typically of
6 °C-10 °C below the T, of the target RE-123 phase. The
system is then held at this temperature, T, for between 100
and 150 h to enable the nucleated growth front to propagate
and transform the entire sample into one single grain. In the
undercooling process, on the other hand, the sample assembly
is cooled slowly through the T, of the compound (i.e. from
the growth temperature T'g; to the growth temperature 7'g)
until single grain growth is complete. Undercooling involves
slow cooling the entire sample assembly at a rate typically
between 0.2 °C h™! and 0.5 °C h™! from T, to a temperat-
ure of about 25 °C-30 °C below T',. The combination of the
various steps in the respective processes enables the growth
of a single grain, although each has a unique influence on the
microstructure and associated superconducting properties of
the fully processed single grain. For example, the effects of
crystallographic misorientation (small angle mis-alignments
within an individual single grain) are typically more severe
in samples processed using the undercooling approach. How-
ever, the number and density of pores and cracks generated by
the undercooling technique is generally lower than that of the
isothermal method. The undercooling technique also yields a
finer and well distributed RE-211 phase within the supercon-
ducting RE-123 phase matrix, which is desirable for enhanced
flux pinning, and is a particular strength of this approach.
Hlések et al [47] recently carried out a further comparison of
these fabrication techniques; the characteristics of the two pro-
cesses are illustrated in figure 6. TSMG based on the under-
cooling approach is now accepted generally as the preferred
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Figure 6. Schematic illustration of the heat profiles used to grow single grains of (RE)BCO via (a) isothermal and (b) undercooling
approaches via TSMG. YBCO samples grown by these techniques are shown in (c) and (d), respectively. Optical micrographs obtained from
the cross-sections of the samples in (c) and (d) are shown in (e) and (f). Images shown in (e) and (f) are reprinted from [47], with necessary

permissions.

fabrication methodology for obtaining large, single-grain
bulk superconductors with the best properties for practical
applications.

2.4. Growth rate studies

Isothermal processing of bulk samples carried out at sev-
eral temperatures with different dwell times provides a path-
way to measuring the growth rate of the various (RE)BCO
and (RE)BCO + Ag single grain systems. This informa-
tion is fundamental to the formulation of appropriate and
effective heat treatment profiles, both to enable single grain
growth whilst, simultaneously, retaining the liquid phase
component within the sample during undercooling via both
TSMG and TSIG techniques. The growth rate ‘R’ is usu-
ally modelled by the expressionR = a(AT)ﬁ , where AT is
the undercooling temperature and «, [ are constants (i.e.
fitting parameters). The growth rates along the a—b and a—
¢ planes are very different due to the fact that the RE-123
phase is anisotropic. Experiments performed to date indic-
ate that the growth rate along the ac-plane (referred to as
R,) and along the ab-plane (referred to as R.) have pro-
duced values for R, and R, of 4.5 x 1077 (AT)! mms~!
and 2.8 x 107 (AT)!*mms~! [29, 48]. Significantly, the
growth rate of YBCO when additional Y-211 is added to
the precursor powder increases from about 0.1 mm h~! to
~0.3 mm h™! at an undercooling temperature of 10 °C [49]

(this rate is increased further at higher undercooling), as shown
in figure 7.

Similar growth studies carried out for YBCO with specific
phase additives to enhance flux pinning, such as Y,O3; and
Y,BaysCuM; 0, (Y-2411) [50], also indicate an increase in
the growth rate by ~0.1-0.2 mm h~! at an undercooling tem-
perature of 12 °C, associated with the additional supply of Y-
ions to the growth front, which aids the growth of the Y-123
phase. Determination of the growth rate is more complex for
the YBCO + Ag system and resulted in the development of
the CCIH approach adopted by Congreve et al [51] to meas-
ure growth rates for this system. In this, the growth length ‘L’
is determined from the following equation (equation (2)):

fe

L= / R dt + Riptin (@)

ts

where f, and ¢, are the times associated with the start and end
of the continuous cooling period, R is the growth rate dur-
ing continuous cooling and Ry, is the growth rate during the
isothermal hold period. As a result, the growth rates for the
YBCO + Ag system have been reported as:

R,= 1.4 x1073(AT)"7® +0.035mmh "
and

R.=4.5x1073(AT)'*? +0.035 mmh ",
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Figure 7. Growth rate studies of (a) YBCO with varying Y-211 (20%, 30% and 40%) content, (b) YBCO with different additives (Y,O3 and
Y-2411) and (c) YBCO + Ag. Growth rates both along a/b- and c-axes are also shown. The nomenclature is as follows. In figure (a), T, and
1, represent isothermal growth temperature and growth time (in hours). The corresponding growth lengths are measured and the growth
rates plotted as a function of undercooling temperature (AT). In figure (b), the growth rates measured in the a/b-direction (both the
experimental data and theoretical predictions) in YBCO bulk superconductors containing different phases namely Y-211, Y,O3 and

Y-2411(M) are shown.

In this figure:

1 represents the composition:
2 represents the composition:
3 represents the composition:
4 represents the composition:

1 mole Y-123 + 0.25 mole Y-211 + 0.1 wt% Pt,
1 mole Y-123 + 0.25 mole Y,03 + 0.1 wt% Pt,
1 mole Y-123 + 0.25 mole Y,03 + 0.1 wt% Pt + 4 wt% Y-2411 (M = Bi),
1 mole Y-123 + 0.25 mole Y-211 + 0.1 wt% Pt + 4 wt% Y-2411 (M = Bi).

Images in this figures are reprinted from [49-51], with necessary permissions.
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within the buffer pellet region. The direction, indicated with an arrow (yellow in colour), along the thickness of the sample where the EDX
data is obtained and plotted are represented in the inset of (f). Images in this figure are reprinted from [57], with necessary permissions.

Based on the results of these growth studies, it was
concluded that the growth rate is higher but often exhib-
its undesirable steps at the growth front if the sample
assembly is subjected to large undercooling (i.e. greater AT).
Hence, the processing temperatures are usually selected to
produce a moderate growth rate and improved crystallinity
at the propagating growth front. Any residual un-solidified
component of the sample during melt processing transforms

11

typically into a solid via a spheroidal growth process [52].
The growth rates were also used to inform the configuration of
the sample assembly. For example, as observed in the interior
seeding approach [53], the growth rate along the c-direction
was found to be higher than that along the a-direction during
the initial growth step. However, these growth rates reversed as
the sample grew larger. It should also be emphasised that the
presence of impurities or unwanted defects in the precursor
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Figure 9. (RE)BCO single-grain bulk superconductors obtained via the BA-TSMG process. (a) YBCO and (b) GABCO + Ag, (c) optical
micrographs of the GABCO + Ag sample cross-sections taken within the extended c-growth regions are shown schematically in (c). Images

in this figure are reprinted from [57, 58], with necessary permissions

mixture can affect significantly the growth of the RE-123
phase, which eventually leads to the formation of unwanted
sub-grains in the bulk (RE)BCO microstructure.

2.5. BA-TSMG

The TSMG technique enables the fabrication of high-quality,
single grains of (RE)BCO with improved applied supercon-
ducting properties, although, historically, the reliability of
the process has been poor. In particular, the success rate for
producing single grains by TSMG was limited initially to
~30%-40% [54], resulting in several, fairly recent, attempts
to improve the process significantly. Integrating TSMG with
the so-called buffer technique [55, 56], for example, has
emerged as a successful modification to the process, for the
reliable fabrication of both (RE)BCO and the more technically
challenging (RE)BCO + Ag bulk superconductors in single
grain form (Ag is usually added to the precursor powder to
improve the mechanical strength of the single grain). The
buffer technique involves placing a small buffer pellet between
the seed crystal and the (RE)BCO precursor pre-form to be
grown into a single grain prior to melt processing. The buffer
pellet works in two ways: (a) It minimises or eliminates any
diffusion of the seed crystal elements into the bulk (RE)BCO
sample being melt processed, thereby reducing the formation
of any low T, phase material beneath the position of the seed

crystal and; (b) it inhibits infiltration of the seed crystal by Ag
within the (RE)BCO pre-form to avoid the partial/complete
melting of seed crystal element [the presence of Ag reduces the
(RE)BCO peritectic temperature significantly]. Various fea-
tures of TSMG and buffer-assisted TSMG (BA-TSMG) are
shown in figure 8. Detailed research [55-60] has been per-
formed more generally to optimise the composition and aspect
ratio of the buffer pellet to aid specifically the growth of
(RE)BCO single grains.

The buffer pellet provides sufficient volume to contain ele-
ments diffusing from the seed crystal (diffusion is unavoidable
at elevated temperature), thereby providing an effective barrier
and preserving the composition of the bulk (RE)BCO sample
during the growth process. The buffer acts effectively as a one-
way channel that allows the propagation of crystallographic
texture through its thickness, a shield for the diffusion of ele-
ments from the seed crystal and minimises simultaneously the
transport of Ag to the seed crystal for (RE)BCO + Ag sys-
tems. The BA-TSMG process has improved dramatically the
reliability of the TSMG process over recent years, and has
increased the success rate for the growth of large, (RE)BCO
and (RE)BCO + Ag single grains to greater than 90%, which is
particularly significant for the commercial production of bulk
superconductors. BA-TSMG is now an established process for
batch processing, with a selection of single grains fabricated
by this technique shown in figure 9.
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2.6. Generic seed crystals and the suppression of solid
solution formation

The compounds Nd-123 and Sm-123 have a higher T, than
Y-123 and are therefore suitable for use as seed crystals for
the YBCO system. However, the availability of seed crys-
tals is a major issue for the growth of single grains of other
(RE)BCO systems, including GdBCO, SmBCO, and NdBCO
[i.e. the so-called light rare element (LRE) in (RE)BCO com-
pounds]. Initial attempts using MgO as a seed crystal were
only partially successful, however, due to the significant mis-
match (of around 11%) between the MgO crystal structure
and that of the RE-123 phase compounds, chemical incom-
patibility, resulting in Mg contamination/diffusion into the
(RE)BCO bulk sample and the formation of low 7. phases
during the MG process. In 2005, it was observed that the addi-
tion of up to 1% Mg to the NdBCO system enhanced the
T, of the doped Nd-123 phase by 20 °C [61, 62] (as can
be seen in figure 10), which was an important step towards
developing an effective TSMG process for the fabrication of
(LRE)BCO single grain, bulk superconductors. The new Mg-
doped NdBCO seed crystals were termed ‘generic seeds’ since
they were used successfully to seed every known supercon-
ducting (RE)BCO system. The development of generic seeds
opened pathways for exploring the fabrication of single grain
(LRE)BCO on a large scale, which is significant due to their
higher 7. and higher Hj,, which leads directly to greater
potential for enhanced engineering performance. On a parallel
track, a second important contribution to improving the reli-
ability of the general melt process was the development of a
NdBCO thin-film seed by Yao et al [63, 64], which, due to
super-heating phenomenon, exhibited a higher melting tem-
perature and hence could also be used successfully to seed
every (RE)BCO system. Both these important seed-related
developments enabled single grain (LRE)BCO systems to be
fabricated reliably and developed specifically for practical
applications.

Light rare-earth (LRE)BCO systems have a higher 7, and
hence higher J.(H) and associated higher trapped field at a
given temperature (and at LNT, in particular) when compared
to YBCO, as shown in figure 11(a). However, solid solutions
of the type of LRE ,Ba,_,Cu3O, can form easily in these
systems, due to the comparable ionic radii of LRE and Ba,
and because the T}, of (LRE)BCO systems is highly sensit-
ive to the oxygen partial pressure during melt processing (a
small change in the composition of the furnace atmosphere
during growth process can disturb the growth kinetics sig-
nificantly). The effects of substitution result generally in the
formation of superconducting phase regions of low 7. within
the bulk microstructure, thereby reducing significantly the val-
ues of T and J.(H). The solid solution formation problem in
different (RE)BCO systems, and particularly those based on
Gd, Eu, Sm and Nd, has been addressed since 2000 primarily
by adding extra BaO, (1-4 wt.%) to the precursor powder,
which, desirably, enables bulk samples to be processed in an
air atmosphere. The influence of the addition of BaO, to the
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Figure 10. DTA scans with respect to temperature for the NdBCO
system, with and without added MgO. Data for Mg-doped NdBCO
crystal +5 wt.% BaszCusOg are shown for purposes of comparison.
The melting temperatures of RE-123 compounds based on Y, Gd,
Eu, Sm and Nd are shown as individual points (circles). Figure
reprinted from [62], with necessary permission.

GdBCO system, as reported by Shi et al [65], can be seen
in figure 11(b). Similarly, the influence of the addition of
BaO; on trapped field in SmBCO is shown in figure 11(c).
It can be concluded from these studies that 1-2 wt. % of
BaO, addition to the GABCO system and 3—4 wt.% of BaO,
addition to SmBCO is effective in minimising the formation
of solid solutions in these systems, thereby defining a pro-
cessing route for the fabrication of bulk samples with sig-
nificantly improved superconducting properties. Subsequent
work on Ba-rich precursor powders has yielded high-quality
(LRE)BCO bulk superconductors [66—68] with self-field cur-
rent densities of up to ~50 000 A cm~?2 at 77 K. More recently,
cost-effective attempts have been made to produce YBCO and
(LRE)BCO bulk superconductors directly from the raw oxide
powders (RE,O3, BaO, and CuO) [69]. This enables the char-
acteristics of the precursor powder to be tuned and optimised
to yield a reliable melt process and consistent superconduct-
ing properties in the fully processed bulk single grains. Further
information on the powder preparation process and the influ-
ence of the composition, morphology and properties of the pre-
cursor can be found in the review by Pathak et al describing
several synthesis processes to obtain Y-Ba—Cu—oxide powder
precursor powders [70].

2.7 Growth of mixed binary and ternary RE-systems (YGd,
NSG, NEG, YSN)

Attempts to fabricate binary ‘(RE;,RE;)BCO’ and ternary
‘(RE|,RE;,RE3)BCO’ bulk superconductors comprising of
a mixture of multi RE-elements have been made with the
objective of introducing additional flux pinning centres to the
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Figure 11. (a) Increased potential of NdBCO and SmBCO (LRE)BCO bulk superconductors compared to YBCO for the field-dependent
generation of trapped field. (b) Temperature dependence of DTA signals in GABCO with added BaO, (0—4 wt.%). The reduction in melting
temperature with increased BaO, content of the precursor powder in the GdBCO system is shown in the inset. (c) Enhancement of trapped
field for SmBCO system with added BaO; (2 and 4 wt.%). Images in this figure are reprinted from [62, 65], with necessary permissions.

(RE)BCO matrix in the form of discrete regions of lattice
mismatch. As a result, several systems, including (YGd)BCO
[71] (NSG)BCO [72], (NEG)BCO [73], (SEG)BCO [74]
(YSN)BCO [75], have been reported to exhibit record val-
ues of various superconducting properties. In each of these
systems, the ratio RE;:RE,:RE; was maintained as 1:1:1.
(NEG)BCO bulk superconductors containing 40 mol% NEG-
211 inclusions, for example, exhibit values of J,. in excess of
68 kA cm~2 at 77 K and record values, in general, in applied
magnetic field of up to 2.5 T [73]. It has been observed that
RE-211 secondary-phase particles are distributed homogen-
eously in the (Nd,Eu,Gd)Ba,Cu3;O; phase matrix during melt
processing, which is desirable for effective flux pinning, with
a particle size of ~0.8 pum and a typical volume content of
between 16% and 18%. Large, single grain (SmEuGd)BCO
bulk superconductors, in particular, have been prepared suc-
cessfully by the OCMG process [74] and a T. of 93 K has
been reported for a (YSN)BCO single grain with (00) texture
[75]. TEM studies carried out on ternary (RE)BCO systems
have indicated the presence of dislocations and stacking faults
within the superconducting matrix, resulting in an enhance-
ment of J.(H), as shown in figure 12.

2.8. Infiltration growth strategy

The IG melt process has emerged as an alternative and viable
approach to conventional MG processing since it addresses
many of the limitations inherent to the general MG technique
[76-78], including near-net shape processing and the forma-
tion of a dense single grain microstructure. The fabrication
of (RE)BCO single grains via the TSIG approach is shown
in figures 13(a) and (c). Here, the RE-211 pre-form is capped
with a seed crystal and is placed in intimate contact with the
liquid phase reservoir pellet. A copper-rich liquid phase com-
prising BaCuO; and CuO forms in the liquid phase reservoir
during the heat treatment in the TSIG approach, which infilt-
rates subsequently into the porous RE-211 pre-form at a tem-
perature below 7', of the compound, ultimately reacts with RE-
211 to form the RE-123 phase, as described by equation (3).
Heterogeneous nucleation occurs at the seed crystal as the
sample assembly is cooled slowly back through T, and the
single grain growth front propagates throughout the entire
bulk material as the sample is cooled further. Unlike other
MG techniques, no oxygen gas is evolved during the heat
treatment, resulting in the formation of fewer pores in single
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Figure 12. (a) and (b) The presence of fine Gd-211 and NEG-211 inclusions in the size range ~500-800 nm in the matrix of NEG-123. The
twinned structure can also be seen in these figures. (c) High-resolution TEM image obtained at the RE-123/RE-211 interface. (d) Field
dependence of J., including the peak/fishtail effect, for (NEG)BCO single grains prepared with different mol% NSG-211 content. Images in

this figure are reprinted from [72], with necessary permissions.

grains processed by TSIG compared to samples fabricated by
conventional melt-growth (thereby producing a much denser
microstructure). A schematic comparison between the TSMG
and TSIG processes is shown in figure 13(d). Cross-sections of
YBCO single grains fabricated via these two processing tech-
niques are shown in figure 13(e). The fabrication of (RE)BCO
bulk superconductors via the IG process is now established,
and there are many reports of the successful application of this
technique to fabricate bulk, single grain samples [76, 79-83].

Y,BaCuOs + 3BaCuO; + 2 CuO = 2 YBa,Cu3O¢5. (3)

The fabrication of single-grain (RE)BCO bulk supercon-
ductors via TSIG is significantly more challenging than other
MG-based techniques for two main reasons: (a) the liquid
phase infiltration and seeding processes progress simultan-
eously, which can easily cause single grain growth failure and;
(b) sub-grains can form readily, including at sites within the
liquid phase reservoir pellet if its composition is not tuned and
optimised appropriately. Furthermore, given that (RE)BCO
processed by TSIG tended historically to exhibit inferior
superconducting properties than samples fabricated by TSIG,
only limited effort had been made until recently to fabricate
(RE)BCO bulk superconductors via IG processing. As a result,
the focus of IG research prior to 2015 was on the fabrication
of near-net shapes and on scoping the processing domain of Y,
Sm, Gd and Dy-based systems [82—86]. Significant improve-
ments were made to the TSIG fabrication approach between
2015 and 2017, however, by tuning and optimising a number

of processing parameters, which enabled the reliable produc-
tion of (RE)BCO single grains with superior microstructural
and superconducting properties required for practical applic-
ations, and typical (RE)BCO bulk superconductors fabricated
by TSIG now exhibit current densities of ~20-50 kA cm™?
and trapped fields of ~0.5-0.9 T at 77 K. Three particularly
important contributions made to the development of the TSIG
technique are:

(a) The introduction of the buffer technique;
(b) Control of RE-211 content and;
(c) The use of a two-step BA-TSIG process.

The use of a buffer pellet to increase the reliability of the
single grain growth process has been observed to be more
critical to TSIG than TSMG, due primarily to the presence
of a relatively large quantity of aggressive, Cu-rich liquid
phase that forms during the melt process in the former. The
liquid phase, which initiates in the reservoir pellet and infilt-
rates subsequently into the RE-211 pre-form, can reach and
react with the seed crystal relatively easily, thereby com-
promising its ability to act effectively as a seed, resulting in
multiple grain nucleation sites and, as a result, severe sub-
grain formation. Failed and successful attempts to grow a
single grain sample by the TSIG process without and with a
buffer are shown in figure 14(a). The effect of a suitable buf-
fer pellet positioned between the sample and the seed crys-
tal is to minimise the diffusion of seed crystal element (such
as Nd or Sm) into the bulk sample and, more importantly,
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Figure 13. Single grain (RE)BCO bulk superconductors fabricated via the TSIG technique. (a) Assembly comprising of a Y-211 pre-form
(green in colour, on-line version) placed in contact with the liquid phase reservoir pellet (comprising of BaCuO, and CuO), which is
supported by a thin plate of Yb,O3. (b) Single grain YBCO fabricated by the TSIG process. (c) Typical cross-section of the sample,
including the formation of a-growth and c-growth regions (separated by the yellow dashed lines). (d) Schematic comparison of the TSMG
and TSIG processes at several stages: Precursor, just before texturing and in the final product [81]. (e) Cross-sectional optical micrographs
and RE-211 particle size distribution in the matrix of RE-123 for both TSMTG and TSIG fabrication processes.

to limit the extent of liquid phase component reaching the
seed crystal, which is essential to achieve single grain nuc-
leation and growth. Systematic studies have been performed
to identify the most appropriate liquid phase composition for
the reservoir pellet that avoids any sub-grain formation, whilst,
at the same time, enabling the appropriate growth kinetics
(i.e. at an appropriate temperature) for faster RE-123 growth.
A Yb-based liquid phase (corresponding to a composition
of Yb,03:CuO:BaCuO, = 1:6:10 [87]) works well for most
(RE)BCO systems, although a Y-based liquid phase is effect-
ive for the single grain growth of higher T', materials, such as
SmBCO and NdBCO. More detailed studies on the optimisa-
tion of the buffer pellet and composition of the liquid phase
can be found elsewhere [57, 60, 86].

Attention turned to understanding the underlying reas-
ons for the inferior superconducting properties of (RE)BCO
bulk superconductors fabricated by TSIG following the devel-
opment of a successful, single grain melt process. It was
observed, in a series of careful and detailed microstructural
studies, that the presence of a significant excess amount of
RE-211 in the RE-123 phase matrix (i.e. greater than 40%)
was the primary reason for this poor performance. A typ-
ical optical micrograph showing excess Y-211 content and

its distribution within a single grain processed by TSIG is
shown in the bottom half of figure 14(a). Unlike TSMG (where
the size and distribution of RE-211 inclusions is relatively
easy to engineer), the control of RE-211 phase formation is
much more difficult in TSIG given the nature of the liquid
phase infiltration process and the subsequent reaction of liquid
with RE-211 to form RE-123, which determines critically the
residual content of RE-211 in the final sample. As a res-
ult, it is extremely challenging to tune the processing para-
meters in TSIG, since several processes such as liquid infilt-
ration, the peritectic reaction, heterogeneous nucleation and
single grain growth all occur either simultaneously or within
a small temperature-time window during the heat treatment.
As a result, two primary approaches to enable control the
RE-211 content in IG processed material have been investig-
ated: (a) The provision of additional liquid phase component
within the RE-211 pre-form (optical micrographs from these
samples containing 10 wt% and 20 wt% liquid phase added to
Y-211 pre-form are shown in figure 14(b)) and; (b) varying the
infiltration temperature and time to enable prolonged and suit-
able infiltration of liquid phase to yield optimum RE-211 con-
tent in the fully grown single grain (see figure 14(c)). Although
both approaches have enabled improved control of RE-211
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Figure 14. (a) YBCO samples processed without, unsuccessfully, and with, successfully, a buffer via TSIG. Optical micrograph illustrating
excess Y-211 present in YBCO processed by TSIG. (b) Control of Y-211 content is possible by the addition of the liquid phase component
to the Y-211 pre-form prior to processing. (c) The effect of infiltration temperature within the range 950 °C-1150 °C. An optimum
infiltration temperature/time of 1050 °C/1 h was identified for obtaining good superconducting properties at 77 K by considering RE-211
size and distribution in the fully processed single grain. Images in this figure are reprinted from [88-90], with necessary permissions.

content in the sample microstructure, the second approach
optimising infiltration temperature and time has proved to be
the most successful, yielding a dense microstructure contain-
ing relatively few pores and cracks, as shown in figure 14(c).
This figure demonstrates the novelty and inherent advantages
of the IG process, whilst controlling simultaneously the Y-
211 content in the single grain. The long-standing issue of
inferior superconducting properties of samples fabricated by
IG has therefore been addressed successfully and hence now
both MG and IG processes are able to yield single grain
samples that are comparable in terms of both their micro-
structure and superconducting properties. The reliability of the
TSIG process for the fabrication of (RE)BCO single grains
with enhanced superconducting properties has been improved
further by the development of a two-step BA-TSIG process
[90], as shown in figure 15. In this advanced version of the
TSIG process, the two critical steps of infiltration and single
grain growth have been separated and performed sequentially
to make the process more effective, easy to control and more
reliable. As a result, a success rate in excess of 95% has
been observed in the processing of single grains of (RE)BCO
bulk superconductors by this relatively novel two-step BA-
TSIG fabrication technique. More recently, the process has
been extended to (RE)BCO + Ag systems, which are cur-
rently under investigation and have already produced some

promising initial results. GdABCO [91-93], SmBCO [94] and
even binary systems such as (Y,Gd)BCO [95] bulk super-
conductors have been fabricated by TSIG-based techniques.
In addition, the TSIG approach is suitable for the fabrica-
tion of dense generic seeds [96], which has enabled directly
the manufacture of Mg-doped NdBCO seed crystals that are
characterised by both a higher melting temperature and by
reduced porosity in their microstructure, therefore limiting
dramatically the possibility of liquid phase segregation within
the seed crystal and hence avoiding possible melting of the
seed. The availability of these dense generic seed crystals
now enables the reliable single grain growth of (RE)BCO and
(LRE)BCO systems, including those containing Ag, which
provides a potential pathway for the commercial production of
bulk, single grain superconductors for practical applications.
Significantly, the individual merits of TSMG and TSIG
advanced processing techniques have motivated additional
effort to bridge these two approaches and to optimise the
processing and performance of (RE)BCO single grains. In this
hybrid approach, which is referred to as the LA-TSMG pro-
cess [97], liquid phase enrichment is provided by support-
ing the TSMG sample assembly with a small layer of liquid
phase compact, which leads to the formation of a higher con-
centration of RE-species at the growth front and speeds-up
significantly the single grain growth process. This, in turn,
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Figure 15. (a) Schematic illustration of the two-step BA-TSIG process. Batch-processing of GABCO samples establishing the reliability of
single grain growth by the two-step BA-TSIG process can be seen. (b) An observed trapped field of 0.6 T and relatively high J.(H) over a
wide field range at 77 K, further with uniformity in superconducting properties can be observed in YBCO samples fabricated by the
two-step BA-TSIG. Images in this figure are reprinted from [90], with necessary permissions.

leads to a homogenous distribution of RE-211 particles within
the RE-123 superconducting phase matrix, thereby increasing
the uniformity of superconducting properties, the reliability of
single grain growth and reducing porosity in the as-processed
bulk sample. Congreve et al [97] recently fabricated YBCO
and YBCO + Ag bulk superconductors successfully by the
LA-TSMG process to combine the merits of both MG and IG
techniques.

2.9. Flux pinning in (RE)BCO —peak effect

The theoretical depairing current density in (RE)BCO super-
conductors, at which currents circulating in the material cause
the Cooper pair charge carriers to break, resulting in the disap-
pearance of the superconducting state (/. varies as %, where
H, is the thermodynamic critical field), is ~10% A cm~2 at
77 K, which is nearly 3—4 orders of magnitude higher than
the critical current densities observed experimentally. The
primary reason for the difference in observed and predicted
performance is associated primarily with the movement of
magnetic flux within the interior of the superconductor. For
type-1I superconducting materials, when the magnetic field is
applied and the system is in the so-called mixed state, quant-
ised magnetic flux lines in the form of individual flux vortices
enter the body of the superconductor (the interfacial energy
between superconducting and non-superconducting regions of
the sample is minimised in type-II superconductors in the

mixed state). In this case, one quantum of magnetic flux, @,
is equivalent to 2.1 x 10~ T m?. Flux vortices, as pre-
dicted by Abrikosov [98], are known to form a triangular lat-
tice when no pinning centres are present within the supercon-
ducting material. These flux lines can move easily under the
influence of the Lorentz force (which is directly proportional
to magnetic field), resulting in flux-flow and, therefore, the dis-
sipation of energy. This, in turn, reduces significantly the cur-
rent carrying ability of these materials. The presence of flux
pinning sites, associated generally with defects in the super-
conducting matrix, can reduce locally the energy of a flux line
and, therefore, further minimise its energy, effectively pin-
ning the fluxon to the pinning site and limiting the extent of
flux flow. Magnetic flux pinning, therefore is both a critical
and fundamental phenomenon for generating enhanced cur-
rent densities in type-II superconductors, even in the presence
of applied magnetic field. Effective flux pinning is achieved
typically when the size of the defect is of the order of the super-
conducting coherence length. Specific defects that constitute
effective flux pinning sites include oxygen defects, stack-
ing faults, dislocations, twins, twin boundaries and columnar
defects (such as those created by irradiation) [99-102]. The
influence of APC on, and their presence in, the RE-123 phase
creates a variety of defects within the superconducting mat-
rix, as shown in figure 16. The enhancement in J.(H) due
to the presence of pinning centres is also illustrated in this
figure.
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Figure 16. (a) Schematic representation of magnetic flux pinning (with 1D, 2D and 3D APC). (b) TEM micrographs showing the presence
of dislocations and stacking faults at the RE-211/RE-123 interface in (RE)BCO single grain. Effect of Gd-211 on the trapped field
performance (at 77 K) of GABCO single grain is shown. (c) Nano-sized pinning centres that are known to enhance current carrying capacity
in (RE)BCO thin-films. Images in this figures are reprinted from [101, 102], with necessary permissions.

Ideally, the size of a pinning centre should be of the
order of the superconducting coherence length, i.e. 2&,, of
the material (for YBCO, for example, £(0 K) ~ 1.5 nm and
&(77 K) ~ 4.5 nm) [103, 104]. The presence of RE-211 phase
inclusions within the RE-123 matrix naturally forms a source
of flux pinning in (RE)BCO bulk superconductors. In real-
ity, stacking faults and dislocations formed at the RE-211/RE-
123 interface (shown in figure 16(b)), enhance the current
carrying ability of these materials significantly. As a result,
considerable effort has been made to refine and control the
size of the RE-211 particles in order to improve the flux pin-
ning density and therefore to enhance J.(H). For example,
the refinement of Y-211 in YBCO was achieved by employ-
ing different Y-211 synthesis routes, including the fabrica-
tion of nano-whiskers via electrospinning [105], the milling
of coarse Y-211 particles and by ultrasonication [106]. All
these approaches have enabled enhancement in J.(H) in single
grain YBCO bulk superconductors. Hari Babu et al synthes-
ised a new type of nano-scale flux pinning centre based on the
Y>BayCu;M; 0Oy (Y-2411) phase (with M as Bi, Mo, Nb, Ta,
Ti, W and Zr) and subsequently added this phase to various
(RE)BCO systems, which enabled a significant improvement
in flux pinning strength [107]. Gd-211 particles of size in the
range ~20-50 nm produced by ball-milling with Zr,O3 were
introduced into the superconducting matrix of (NEG)BCO to
create numerous point-like flux pinning centres to generate
current densities of up to 80 kA cm~2 at 77 K and up to
~10 kA cm™? at 90 K [108]. Engineering the flux pin-
ning within the bulk microstructure by these techniques has
enhanced significantly the superconducting properties of these
technologically important materials at temperatures as high as

90 K, both in the low and intermediate magnetic field ranges,
which effectively extends their application to temperatures that
may be achieved using liquid oxygen [109, 110]. TEM stud-
ies of (SEG)BCO have revealed the presence of nano-scale
precipitates of size ~100 nm that produce J. in excess of
150 kA cm~2 at 77 K and up to 10* A cm~2 to 86 K [111].
Furthermore to the addition of RE-211, efforts have been made
to introduce other chemical pinning centres into the super-
conducting matrix in the form of dopants. Doping (RE)BCO
with Mo (from a MoOj3 source) and Nb (from NbOj), for
example, yields a significant enhancement in J. via a strik-
ing peak effect at 77 K at around 4.5 T and improving the
Hi,, significantly [112, 113]. Samples irradiated in an attempt
to create columnar nano-defects in order to improve (direc-
tional) flux pinning strength have also produced a significant
enhancement in B; and associated J.(H). Other approaches
to introduce suitable micro- and nano-scale inclusions to the
bulk RE-123 phase matrix have yielded an improvement in the
overall flux pinning strength in (RE)BCO bulk superconduct-
ors and hence the field dependence of J.. A recent review by
Bartunek ez al [114] on flux pinning in bulk materials describes
other approaches for enhancing the pinning strength in these
materials not addressed here in this more general overview.
The thermodynamic nature of flux pinning causes crit-
ical current density to reduce with increasing magnetic field,
with the rate of decay depending on the strength of pinning
present in the system. This mechanism of reduction in Jg,
which is observed typically in undoped YBCO, is termed as
‘0l-pinning’ [115]. The pinning mechanism, however, is very
different in other RE-based systems, including (LRE)BCO
and YBCO containing specific dopants, and results in an
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Figure 17. (a) Schematic representation of the variation of J. with increasing magnetic field, illustrating the influence of ‘d/-pinning’ and
‘0T pinning’. (b) Experimental J.(H) for YBCO and GdBCO at 77 K. Image shown in (a) is reprinted from [117], with necessary

permission.

enhancement in critical current density at intermediate fields
within the range 1-4 T. This re-entrant behaviour in J. is
known as the peak, or fish-tail, effect and this type of flux
pinning is known as ‘07 pinning’. The presence of oxygen
deficient phases and/or solid solutions in the RE-123 phase
matrix are also known to enhance J. further at intermediate
fields, as illustrated by the J.(H) data shown in figure 17(a)
(schematic version) and figure 17(b) (experimental data at
77 K). Furthermore, defects within various ranges of size and
the vortex lattice spacing, a¢, are also known to influence the
peak field, H,, at the peak in J., with the latter given by the
relation [116]:

20,
V3a}

H, “

where @ is the flux quantum (=h/2e).

2.10. Multi-seeding (0-0, 45-45) and interior seeding

The relatively small growth rate of the superconducting RE-
123 phase compound has motivated research towards a multi-
seeding approach, in which two or more seeds are employed
in a controlled heterogeneous nucleation process, and partic-
ularly for the fabrication of large samples. In multi-seeding,
the alignment of the seeds and their positioning on the pre-
form compact is critical for obtaining a quasi-single grain of
(RE)BCO. Shi et al [118] employed NdBCO seed crystals
arranged in different configurations, including the size of
seed, distance between seed and, more significantly, their ab-
plane alignment (either with 0°-0° or 45°-45°) to grow suc-
cessfully quasi-single grains with good superconducting and
microstructural properties in the fully processed samples. It
was observed in these studies that regions containing non-
superconducting phases form generally at grain boundaries
and that this undesirable build-up of impurity phase could be
minimised by adjusting the configuration of the seed crystals.
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The use of a buffer layer enabled further control of the orient-
ation of the seed crystals in a multi-seeding process, thereby
enabling a route for the successful production of high qual-
ity, large quasi-single grains. Some of the key results from
the multi-seeding research are shown in figure 18. Many
further successful attempts have been made subsequently to
develop the multi-seeding process based on the potential of
this approach [119-126].

Shi et al [127] reported a study that compared the prop-
erties of a single-seeded and multi-seeded YBCO bar-shaped
bulk samples of dimensions ~60 x 20 x 12 mm?>. In addition,
three square-shaped samples packed together closely in an
array to constitute a similar geometry to that of the single and
multiple seeded samples was studied to provide a reference.
Magnetic levitation measurements carried out at 77 K using
different permanent magnet arrays indicated that the multi-
seeded sample and that assembled from individual, single-
seeded grains exhibited better performance than that of the
single-seeded, bar-shaped sample. This is encouraging for the
development of levitation devices, in particular, given the chal-
lenge associated with growing large single grains due to the
relatively low growth rates of the RE-123 phase. The trapped
field distribution and levitation force measurements for these
samples are shown in figure 19(a).

Kim et al [128] developed a novel ‘interior seeding’
approach in which two (RE)BCO samples can be grown
simultaneously from a single seed placed at their interface, as
shown in figure 19(b). In this study, an open channel was cre-
ated in the compacted pre-form to enable simultaneously air-
/oxygen to reach the seed crystal during growth whilst minim-
ising the contact area between the seed and the liquid phase. A
Y 15Ba;Cuz 0O, bulk single grain (42 mm in diameter) produced
by this approach trapped a magnetic field of 0.64 T at 77 K
[53]. Lee et al [129] further proposed a buffer-bridge process
for the growth of multiple YBCO single grains from a single
seed. Significantly, each of the individual blocks constituted a
single grain, as shown in figure 19(c).
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Figure 18. (a) Multi-seeded YBCO with the ab-planes of seeds oriented at 0°~0° and 45°-45° to one another. (b) Quasi GdBCO bulk
superconductors fabricated via a multi-seeding process integrated with the buffer technique. (c) Multi-seeded YBCO fabricated by ATZ
GmbH. (d) Multi-Seeded bulk YBCO superconductors (28 mm, 46 mm, 65 mm and 100 mm diameter) and (e) Multi-seeded YBCO
fabricated by the infiltration growth technique. Images in this figure are reprinted from [118, 122—126], with necessary permissions.

2.11. Reliability in growth, batch processing, commercial
production and recycling techniques

The development of buffer-aided TSMG and TSIG approaches
has enabled bulk, single grains of (RE)BCO to be fabricated
reliably with a success rate in excess of 90%. Batch processing
has been used successfully to produce several single-grain
(RE)BCO bulk superconductors in conventional box furnaces
at both at the research laboratory scale and at industrial level.
The batch-processing of YBCO, GdBCO, GdBCO + Ag and
(NEG)BCO and bulk sample by various laboratories around
the world, are shown in figure 20 [130-135].

Failure in the (RE)BCO single grain growth process has
been an unavoidable due to the complexity of the processing.
Many critical processing parameters, such as the selection of
an appropriate composition, mixing and homogenisation of the
precursor powders, choice of the seed crystal with appropriate
texture and orientation, heat treatment profiles and temperat-
ure distribution within the furnace, are fundamental to determ-
ining the success or failure of the single grain growth process.
Every step of processing is equally important and critical to the
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fabrication of a single grain, and, if not selected appropriately,
can lead to either partial or complete failure of single grain
growth, as illustrated in figure 21(a). The success rate of single
grain growth in (RE)BCO to date has been limited historic-
ally to 30%—40%, although this has increased significantly
to around 90% following the more recent incorporation of a
buffer strategy within MG processes. However, there remain
tonnes of failed (RE)BCO bulk superconductors in both indus-
trial and academic research laboratories around the world.
The recycling approach developed to transform failed,
multi-grain bulk samples into single grains is particularly
significant within this context. Broadly speaking, two tech-
niques have been developed for this purpose. The first ver-
sion of the recycling method [136] developed almost a dec-
ade ago involved initially crushing mechanically failed bulk
samples for several hours using a high energy mill and repeat-
ing this process 2 or 3 times to obtain fine-sized powders.
The crushed powders were further subjected to homogenisa-
tion and mixing, compacted into cylindrical preforms and melt
processed. This approach transformed the failed samples into
individual, recycled single grains that were observed to exhibit
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Figure 19. (a) Single and multi-seeding in bar-shaped YBCO samples showing the influence of one or three grains on trapped field and
levitation force. (b) Interior seeding approach with one seed crystal enabling the simultaneous growth of two single grains (one growing
downwards and the other upwards to the top pre-form). (c) A single seed crystal supported by a buffer pellet for the simultaneous growth of
four YBCO blocks. Each block constitutes a single grain. Images in this figure are reprinted from [53, 127, 129], with necessary permissions.

Figure 20. Batch-processed (RE)BCO single grains by different research groups. (a) Shi et al, (b) Muralidhar et al, (c) Plechacek et al
(CAN Superconductors), (d) Adelwitz Technologiezentrum GmbH (ATZ), and (e) Namburi et al. Images in this figure are reprinted from
[88, 90, 130-135] with necessary permissions and also with courtesy of CAN Superconductors and ATZ GmbH.

superconducting properties (including values of trapped field)
of ~80%—-90% compared to those observed in primary grown
(RE)BCO. However, this recycling approach is time consum-
ing and requires access to specialised equipment, such as high
energy mills/auto mixers, with appropriate calibration and
optimisation of the crushing parameters and homogenisation
processes, which further complicate the single grain growth
process. The second approach to recycling, which has been
investigated by several research groups, is more straightfor-
ward and is applicable to a wider range of (RE)BCO sample
compositions [137-141]. In this approach, the top surface of
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the failed sample is simply polished, supported on a liquid-
phase reservoir pellet and heat treated using the buffer-aided
TSMG heating profile. This approach has already addressed
the relatively low yield rate in the production of single grain
(RE)BCO bulk superconductors.

The recycled single grain samples, as shown in figure 21,
obtained by this second approach typically exhibit trapped
fields of ~70%—80% of those observed in primary-grown
samples. Furthermore, as with those processed by infiltration
growth, the recycled samples exhibit a moderate improvement
in their mechanical properties, which makes them potentially
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Figure 21. (a) Partial/complete failure of single grain growth as observed in several (RE)BCO systems. (b) Two failed GABCO + Ag
samples (shown in b(i)) that were subsequently recycled by polishing their top surfaces (shown in b(ii)) and performing secondary MG
processing to yield a single grain, as evidenced by the four-faceted growth characteristic observed on the top surface of the sample (shown

in boiii)).

suitable for application in levitation-based vehicles, levita-
tion demonstration kits and in applications where mechanical
properties may limit the overall performance of the device.
These developments in recycling further increase the cost-
effectiveness of the production technology and decrease the
overall environmental impact of the melt process.

3. Microstructure and properties

Microstructure plays a fundamental role both in the processing
of single grain bulk (RE)BCO superconductors and in determ-
ining their superconducting and mechanical properties. The
key microstructural features of these materials are presented in
this section, including anisotropy, the a- and c-growth regions,
growth facets, sector boundaries, misorientation, crystal struc-
ture, the role of oxygen in the crystallographic lattice and
inclusions and other microscopic features in the superconduct-
ing phase matrix.

3.1. Influence of microstructure on the properties of (RE)BCO

Type-II HTS are generally extremely anisotropic, and have
very different &, in the a—b plane and along the c-axis (for
YBCO, forexample, £, 5 ~ 1-4nm and £, ~ 0.1-0.5 nm in the
temperature range 0 K-77 K [142, 143]), and this anisotropy
is further pronounced in the Bi-based and Tl-based systems.
Typical a-growth and c-growth regions observed in single-
grain (RE)BCO have been discussed previously (see figure 5).
The RE-123 phase nucleates from the seed crystal and then
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grows within the a—b plane and along the c-axis at differ-
ent rates. The RE-211 phase (shown as green particles in the
figure 22(a)) reacts with liquid phase at the solid/liquid inter-
face zone (referred as reaction zone in the figure) ahead of the
growth front, forming a continuous RE-123 phase with embed-
ded RE-211 inclusions. The distribution of RE-211 within
both the a- and c-growth regions is shown in figures 22(c) and
(d), respectively.

It has been observed that the macro-segregation and distri-
bution of RE-211 particles in the RE-123 phase matrix depend
on the growth rate and growth direction for both a- and c-
growth sectors. The number of RE-211 particles that are either
trapped or pushed with the growth front depends largely on
two parameters: (a) The growth rate of the RE-123 phase and;
(b) the size of the RE-211 inclusions. The growth kinetics
largely determine the final microstructure, including the RE-
211 particle density and any crystallographic misorientation,
and these observations are in reasonable agreement with the
relatively well-known particle pushing/trapping theory [144].
Two major forces act broadly on the RE-211 particle in the
reaction zone; the drag force ‘F4’ (acting due to the viscous
flow around the particle) and the interfacial force ‘F;’ (occur-
ring due to the interfacial energy at the solid/liquid interface,
which, in turn, depends on a number of factors such as pres-
sure and thermal conductivity). The reaction zone is indicated
by a uniform solid/liquid interface in the schematic illustration
shown in figure 22(a). In reality, however, this is not gener-
ally the case. Very often, this interfacial solid/liquid interface
is complex due to the influence of many other forces (such as
gravity and van der Waals forces) that act on the system, mak-
ing it considerably more complex. In this simplified model,
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Figure 22. (a) Schematic illustration of the growth of the RE-123 phase with inclusions of fine-sized RE-211 particles (indicated by
circles/ellipses in green) within the continuous RE-123 phase matrix. Reaction of RE-211 with the liquid phase occurs in the reaction zone
(left-hand half of the sample). The RE-123 matrix entraps unreacted, fine-sized RE-211 particles as growth propagates. The a-growth and
c-growth regions present in the fully processed sample are shown schematically (right-hand half of the sample). (b) Locations of the regions
within the (RE)BCO single grain where the optical micrographs were recorded. Typical RE-211 distributions along the a-growth and
c-growth regions are shown in (c) and (d), respectively. The scale bar in (c) and (d) represents 10 pm.

however, the interface energy ‘Ao,’ for the RE-123/RE-211
system may be defined as:

AO’O = AO’SP - AO’LP - AO’SL (5)
where Aosp, Aorp and Aog represent the surface energies
involved at the solid/particle, liquid/particle and solid/liquid
interfaces, respectively. The influence of interfacial and drag
forces on a particle at the solid/liquid interface and the size
and distribution of RE-211 inclusions in the matrix of RE-
123 are shown schematically in figures 23(a) and (b). The area
fraction of Y-211, denoted as A;¥?!!, calculated from optical
micrographs for a typical TSMG-processed YBCO sample
along both the c-growth and a-growth regions are shown in
figures 22(c) and (d), respectively. It can be observed that the
Y-211 content varies from ~8% (in the vicinity of the seed
crystal) to ~30% (at the edge/bottom location of the grain)
along both growth regions in the TSMG processed samples.
Systematic studies carried out by varying the Y-211 content in
YBCO single grains showed a corresponding spatial variation
in the critical current density [54, 71, 73, 145].

According to particle pushing/trapping theory, the critical
size (r) of a RE-211 particle that becomes trapped in the solid
RE-123 phase matrix depends on three critical parameters: (a)
the growth rate, R, in the reaction zone, (b) the interfacial
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energy, Aoy, and (c¢) the viscosity, 7, of the melt. This depend-
ence is given as follows:

x AO‘O
1.(r*)"

(6)

where n is in the range 1-2.

The seed crystal, with (00I) texture, provides a centre for the
RE-123 grain to nucleate and subsequently to grow and trans-
form the entire material into a textured, single grain. A typical
x-ray diffractogram recorded for a textured YBCO single grain
sample is shown in figure 24. Several microstructural features
observed typically in single grain (RE)BCO, including tex-
ture, misorientation, sub-grains, growth sector-grain boundar-
ies, mechanisms for sub-grain formation and the influence of
macro cracks and their orientation on superconducting prop-
erties, are discussed in detail by Diko [145].

The microstructure of an as-grown (RE)BCO single grain
sample fabricated by melt-growth (shown in figure 25(a))
exhibits a relatively large fraction of porosity, and typically
in the range 15%-20% [54, 88-90]. Careful examination of
the sample reveals that the pores are found to be distributed
within two distinct size ranges: 1-10 pm and 50-250 pm. The
reason for the occurrence of porosity in these materials is two-
fold. The first is due to compaction porosity and the other to
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Figure 23. Schematic illustrations showing (a) the interfacial and drag forces acting at the solid/liquid/particle interfaces and (b) the size
and distribution of trapped RE-211 inclusions in the RE-123 phase matrix under conditions of small and large undercooling (AT). The
figures in (a) and (b) are reprinted [144] with necessary permission. (c) Variation of Y-211 content referred as A7 (in %) along both the
c-growth and a-growth regions of a melt-processed YBCO single grain sample.
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Figure 24. X-ray diffractogram obtained for textured YBCO single
grain (sample shown in the inset).

the evolution of oxygen gas during processing at elevated tem-
perature. The primary RE-123 phase melts during TSMG at a
temperature above the peritectic temperature of the (RE)BCO
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compound, forming RE-211 (solid) and liquid phase, with the
associated evolution of oxygen gas, as described by the fol-
lowing equation:

2(RE),BayCu;0;°5" (RE),Ba; Cu; Os + 3 BaCuO,

1
+2Cu0+ 0, 1. 7

The evolution of oxygen gas within the interior of the
sample during melt processing results directly in the formation
of pores within the bulk microstructure. Gas produced at the
circumference and edges of the sample, however, can diffuse
out of the single grain during growth, resulting in a reduction
in the volumetric fraction of pores in regions around exposed
edges of the sample, whereas gas evolved in the body of the
sample remains trapped within the bulk microstructure, as can
be seen in figure 25(a). The pores become filled subsequently
with the liquid phase that eventually reacts completely with
RE-211 to form the RE-123 phase, resulting in the formation
of RE-123 regions that are free of RE-211 inclusions, as can
be seen in figure 25(b). The inhomogeneous microstructure
that forms as part of the pore-filling and reaction process can
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(b)

Figure 25. (a) Cross-section of an YBCO sample fabricated by the top seeded melt-growth technique and an optical micrograph obtained at
a magnification of 50x of the same sample indicating the presence of pores (visibly in two size ranges). (b) The presence of RE-211-free
regions (indicated by the arrows) in the microstructure of melt-grown YBCO. The presence of very fine RE-211 phase inclusions in the
vicinity of free edges of the sample indicates that the liquid phase has reacted with, and consumed, the majority of RE-211 at these
locations. Images in this figure are reprinted from [88, 89] with necessary permission.

lead directly to non-uniform superconducting properties in the
fully processed single grain, as has been observed by several
researchers [78, 146, 147].

It is worth noting that the bulk microstructure of single
gains fabricated by the IG technique is generally consider-
ably more dense than that obtained by TSMG, as discussed
in section 2.8 and illustrated in figures 13(c) and (e). No RE-
123 phase is present in the primary RE-211 pre-form compact
in TSIG, so no melting and no associated gas evolution occurs
during the IG process. As a result, pores of similar size (gener-
ated during compaction of the green body) tend to form during
TSIG, as shown in figure 26.

Oxygenation is an important and critical post-melt pro-
cessing step for transforming the crystallographic structure of
the as-processed RE-123 tetragonal phase to the superconduct-
ing orthorhombic phase. YBa,Cu3O7_;s is named according
to the 1:2:3 stoichiometry of its constituent cations as Y-123,
with the oxygen content of the unit cell varying between 6 and
7. An oxygen content between 6 and 6.4 generally character-
ises the non-superconducting tetragonal Y-123 phase, whereas
values of oxygen between 6.4 and 7 define the orthorhombic
superconducting phase, with the highest value of T being
observed for an oxygen content of about 6.95 [148—150]. The
crystal structures of the tetragonal and orthorhombic forms of
Y-123 are shown in figure 27.
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3.2. Other microstructure-related studies

The temperature distribution within the interior of the furnace
is critical to the nucleation and growth of a (RE)BCO single
grain. Small fluctuations in local temperature during the crys-
tallisation process have been observed to cause Y-211 particles
to concentrate in the form of bands oriented parallel to the Y-
123 growth front [151], as shown in figure 28(a). As a result,
a number of studies have been performed to understand the
growth of Y-123 under different compositional and thermal
conditions. For example, the growth rate of Y-123 bulk crys-
tals in the Y sBa,Cu30, system with added CeO, was invest-
igated by Volochova et al [52]. This study indicated that single
grains of YBCO can be grown in an isothermal growth win-
dow of 988 °C-1003 °C. Too large an undercooling, how-
ever, is known to result in spheroidal growth, as shown in
figure 28(b). CeO, present in the peritectically decomposed
state also is known to react partially with the liquid phase
forming BaCeOs3, as can be seen in figure 28(c).

Macro- and micro-cracks occur in the RE-123 supercon-
ducting matrix during oxygenation post-melt processing, as
shown in figure 29(a). Micro-cracks within the a—b plane
of the single grain, in particular, are known to form around
RE-211 particles during the cooling process within the tet-
ragonal phase of RE-123 and provide effective channels for
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Figure 26. (a) Top surface and cross-section of a GABCO single grain sample processed by TSIG that exhibits uniform porosity.
(b) Homogenous distribution of RE-211 inclusions in the RE-123 phase matrix, which is characteristic of the TSIG technique. No traces of

RE-211-free regions are present in the microstructure of IG-processed materials.
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Figure 27. Crystal structure of Y-123: (a) YBa;Cu3Og¢s (tetragonal) and (b) YBayCuszO7_, (orthorhombic). The transformation from
tetragonal to orthorhombic with varying oxygen content can be seen in (c). Further refinement on the total oxygen content to generate the
highest T is shown in (d). Images shown in this figure are reprinted from [148-150] with necessary permissions.
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Figure 28. (a) Macroscopic band-structure observed on the surface of an as-grown YBCO sample. Optical micrographs obtained under a
magnification of 100x and 1000 are also shown. (b) Spheroidal growth observed in a (RE)BCO sample and (c) BaCeOj; formation in the
RE-123 phase matrix. Image in (b) is reprinted from [152] with necessary permission.

(c)

Liquid source
Y035+Y123

Figure 29. (a) Micro-cracks and (b) twins observed in single grain YBCO fabricated by TSMG. (c) Bulk YBCO fabricated from samples
with pre-formed, artificial holes (the holes are drilled in the pre-forms prior to heat treatment) obtained by MG and infiltration growth
techniques. Images in (b) and (c) are reprinted from [99, 155-157] with necessary permissions.

oxygen to permeate through the material [153]. The trans-
formation of the tetragonal to the orthorhombic phase, on the
other hand, leads to the formation of twins and twin boundar-
ies, which form effective sites for flux pinning [154]. These
features are shown in figure 29(b). YBCO with holes pre-
drilled in the green body, as shown in figure 29(c), has emerged
as another interesting geometrical approach that facilitates
faster oxygenation and more rapid cooling. Additionally, this
approach opens-up pathways to improving the mechanical
strength of the bulk superconductor when the artificial holes
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are back-filled with suitable metals and or resins post heat
treatment.

3.3. Electrical properties

The electrical properties of bulk superconductors are interest-
ing and fundamental to their practical application, although
they are generally challenging to measure accurately. For
example, it is necessary to employ relatively sophisticated
instruments for the measurement of dc electrical resistance,
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Figure 30. (a) Schematic illustration of the four-point probe technique used for measuring electrical resistance in a superconductor. (b)
Temperature dependence of electrical resistivity obtained for a narrowed bulk YBCO block. The inset shows a magnified version of (b)
showing the 7'c and sharp transition width. (c) Electric field as a function of critical current density measured for a GdBCO + Ag bulk
sample. (d) Temperature dependence of electrical resistance measured in different applied magnetic field for a DyBCO bulk sample. The
so-called irreversibility lines obtained for both transport and magnetic measurements are shown in the inset to (b), and (e) Field dependence
of critical current density J.(H) for a (NEG)BCO mixed rare-earth based bulk superconductor. Images in (c)—(e) are reprinted from

[161-163] with necessary permissions.

which is very small in superconductors, including a precise
current source, cryogenic temperature controller and a nano-
voltmeter with high sensitivity. The temperature dependence
of electrical resistivity (p defined as RA/l, where R is resist-
ance, A is cross-sectional area and [ is the distance between
the voltage tapping points) measured in the superconducting
material provides information on both the 7. and the width
of the transition from the normal to the superconducting state,
AT.. A four-point probe technique is used commonly to meas-
ure electrical resistance in superconductors. A schematic illus-
tration of the four-probe technique and a typical p vs T plot
obtained for YBCO is shown in figures 30(a) and (b), respect-
ively, and from which the high 7. at ~92 K with an associated
sharp transition width (AT, < 1 K) indicates the high quality
of the material. Bespoke specimens have to be prepared with
a very thin cross-section to enable transport J. measurements
to be made using commercially available current sources (i.e.
with a measurement capability in the range 100-200 A). The
technical difficulty in performing high current transport meas-
urements means that magnetic measurements are used gener-
ally to estimate current densities in bulk samples, even though
they require relatively complex calculations and rely on a num-
ber of assumptions regarding the distribution of current within
the sample, as described typically by the Bean model [158] and
its various extensions [159, 160]. Furthermore, in magnetic
measurements, the properties under investigation are typic-
ally normalised to the particular sample and do not, therefore,
entirely represent actual current densities. Rush ef al [161]
recently reported an efficient sample preparation methodology

29

by obtaining I-shaped bulk specimens to enable transport cur-
rent density measurements to be performed directly. The res-
ults obtained for a GABCO + Ag bulk specimen with a small
cross-sectional area of 0.44 mm? are shown in figure 30(c).
Similar studies carried out on DyBCO [162] and (NEG)BCO
[163] bulk superconductors in the presence of an applied mag-
netic field are shown in figures 30(d) and (e), respectively.

3.4. Magnetic properties

The ability of a bulk (RE)BCO superconductor to trap mag-
netic field is a true figure of merit for practical purposes, since
this represents the macroscopic performance of the sample
and its suitability for practical applications. Trapped field B,
depends on the product of J. and the size of the single grain
(d);

By o J. xd. ®)
Magnetisation of the sample is an important step in the

magnetic field trapping process in bulk superconductors, and
can be performed broadly in one of three ways:

(a) FC;
(b) ZFC and;
(c) PFC.

In the case of field-cooling, the superconductor is cooled to
the target temperature in the presence of an applied magnetic
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Figure 31. (a) Schematic illustration of the steps used to magnetise a bulk superconductor by the field-cooling technique. The trapped field
achieved (b) at the surface and (c) at the centre of a stack of two (RE)BCO samples. (d) The penetration of field into the bulk sample by a
ZFC technique based on the Bean model and (e) a trapped field of >5 T achieved at 30 K for a GdABCO bulk single grain of diameter 45 mm
via the PFM technique. Images are reprinted from [143, 165-168] with necessary permission.

field. In the FC process, an applied field of similar strength
to that of the trapped field ability of the sample is sufficient to
magnetise the sample fully and, as a result, is used routinely to
trap magnetic field in (RE)BCO bulk superconductors. The FC
magnetisation process is illustrated in figure 31(a). Once the
sample has been magnetised, a Hall sensor with a small act-
ive area is used to measure the trapped field at different points
close to the surface of the sample. Trapped field data reported
by several research groups for a variety of (RE)BCO HTS bulk
superconductors are given in table 3. As discussed earlier, dop-
ing the RE-123 superconducting phase with selected elements
improves its flux pinning strength, and hence the trapped field,
significantly. This is evident from figure 31(b), where Zn-
doped YBCO exhibits improved trapped field performance
compared to undoped YBCO [164]. A similar field cooled
approach was used to magnetise a stack of two GdBCO-Ag,

single grain samples, which trapped a then world record mag-
netic field of 17.6 T at 26 K [165], as shown in figure 31(c).
The trapped field observed in bulk discs of YBCO at 77 K
is typically within the range 0.7-1.1 T [88-90, 166], and the
observed value of peak trapped field can be as high as 1.3 T at
77 K for (LRE)BCO bulk superconductors [72]. A record peak
trapped field of ~3 T has been achieved in a 65 mm diameter
GdBCO-Ag bulk superconductor [167].

In the case of ZFC, the superconductor is first cooled to the
target temperature (usually in liquid nitrogen) below its critical
temperature and then magnetic field is applied and removed.
In this case, up to twice the field strength is required typic-
ally to magnetise the sample completely, as shown schem-
atically in figure 31(d). PFM, which is based on the ZFC
technique, is a relatively novel approach for trapping mag-
netic field in bulk (RE)BCO materials. The PFM technique

30
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Table 3. Trapped fields obtained in (RE)BCO via the different magnetisation techniques.

Magnetisation Sample configuration System Trapped field Remarks Ref.
FCM YBCO 1.1Tat77K 26 mm diameter (166, 178, 179]
11.5T at sample
17K
YBCO 2Tat77K 20 mm diameter [180]
Single sample sample U-irradiated
— @ - YBCO sample
21Tat77K 30 mm diameter
- SmBCO + Ag 8Tat40K sample (181]
GdBCO 9.1Tat42 K 46 mm diameter [182]
sample
GdBCO + Ag 3.05Tat 65 mm diameter [166]
77K sample
YBCO 144 T at 26 mm diameter [164]
22K samples
YBCO 143 T at 24 mm diameter, [46]
29 K Infiltration growth
processed
YBCO + Zn 16 Tat24 K 22 mm diameter [178]
Two-sample stack samples
YBCO + Resin 17.24 T at Resin impregnated [183]
impregnation 29K and wood metal
GdBCO + Ag 43Tat77K 65 mm diameter [166]
sample
GdBCO + Ag 17.6 T at 24 mm diameter [165]
26 K samples Shrink-
fitting with stainless
steel
GdBCO 52Tat30K 45 mm diameter [168]
PFM sample Modified
multi-pulse tech-
nique combined with
stepwise cooling
GdBCO-Ag 3Tat60K 30 mm diameter [177]
Single sample sample Flux jump
S assisted PFM
GdBCO 4Tat20K 60 mm in diameter [184]
YBCO 3Tat40 K 29.1 mm in diameter [185]

has considerable potential for use in portable systems where
the application of field can be either in situ or ex situ. In this
method of magnetisation, the (RE)BCO sample is cooled to
the target temperature and magnetic field is applied in the form
of a series of pulses of typical pulse duration of a few milli-
seconds. This causes magnetic flux to enter the material iter-
atively, eventually magnetising the sample completely under
appropriate conditions. The pulse field nature of the PFM pro-
cess causes rapid and dynamic movement of magnetic flux,
which moves in and out of the bulk superconductor generat-
ing heat and increasing the temperature of the sample. This,
in turn, reduces flux pinning strength so the bulk sample is
less able to trap magnetic field, which is the greatest challenge
of the PFM approach. As a result, considerable effort has been
made to fine-tune and optimise the PFM parameters to achieve
better and more consistent trapped field performance in bulk
superconductors [169-172]. A number of notable results have
been achieved via the PFM process, including Weinstein et al
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[173], who reported a trapped field of ~2 T at 77 K in irra-
diated, high J. YBCO samples and a trapped field of 5.2 T
at 30 K in bulk (RE)BCO by Fujishiro et al [168] follow-
ing a modified multi-pulse PFM process with step-wise cool-
ing (MMPSC). Flux jumps or partial flux jumps are known
to occur due to experimental conditions during pulse field
magnetisation [174—176]. Finally, a portable magnetic field of
~3 T at 60 K has been achieved in a GdABCO bulk supercon-
ductor of diameter 30 mm by Zhou et al [177] via a flux jump
assisted PFM approach.

Trapped field can be improved appreciably at lower tem-
peratures, although the considerable Lorentz forces generated
during the process can easily damage the relatively brittle
(RE)BCO single grains due to their relatively poor mechanical
properties. It is necessary, therefore, to contain the maximum
tensile stress (o) that is generated during the application of
magnetic field to the bulk sample. In general, the tensile

. B> . .
stress o is given by 0 =0.76 ﬁ, where By is the maximum
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trapped field of the sample [179]. In order to trap higher fields,
therefore, both the superconducting and mechanical properties
of the (RE)BCO bulk single grains need optimising. Further
details of the mechanical properties of these materials are dis-
cussed in the following section.

3.5. Mechanical properties

The peak trapped magnetic field of a bulk superconductor is
an indicator of both the general quality of the single grain and,
from the field gradient based on the Bean model, the average
J of the (RE)BCO material. As a result, increasing trapped
field is the principle target for applied research and is the main
aim of researchers in the field. Trapped field is also one of the
most important properties required for practical applications.
The high magnetic fields associated with bulk single grain
superconductors, such as the current world record of 17.6 T
[165, 186], are up to an order of magnitude greater than that
the field generated by conventional permanent magnets (and
100 times the energy density). For this reason, bulk super-
conductors attract considerable research and applied interest
across the world. Associated with trapping a large magnetic
field, however, is the generation of a large electromagnetic
force, which often leads to fracture and materials failure [187].
The world record trapped field for bulk YBCO set in 2003
was held for 10 years before it was eventually broken, which
exemplifies the technical difficulty in the fabrication of high
performance material [165, 179, 186—188]. The brittle and
ceramic nature of bulk (RE)BCO superconductors has been
established for a long time. Early experiments showed that
the maximum trapped magnetic field of bulk single grains is
limited severely by their mechanical properties and the mater-
ial starts to break, typically, at about 8 T at low temperatures
(<50 K) [189]. Therefore, it is the mechanical properties that
have effectively hindered the development of (RE)BCO high
temperature superconducting materials for practical applica-
tions over recent years.

There are a number of defects or features within the
single grain microstructure that effectively limit the mech-
anical properties of the sample, including discrete RE-211
particles, macro- and micro-cracks and pores, all of which
occur intrinsically during the single grain fabrication process.
The mechanical properties of bulk superconductors have been
reported fairly extensively over recent years, although these
tend to vary significantly at different positions within a given
sample. The tensile strength of sub-specimens cut from a
parent bulk (RE)BCO single grain, for example, tend to be
scattered widely and differ according to the nature of the test
(the strength obtained from three-point bending tests has been
observed to be up to three times greater than that obtained from
tensile tests [190]). The fracture strength of YBCO has been
reported to vary within the range of 40-200 MPa, depending
on the quality of the sample. The scatter in the data has been
attributed to the variation in the microstructures, including the
Y-211 content and porosity density, oxygen content, orienta-
tion of the sample and the extent of cracking [191, 192]. Other
measurements of the mechanical properties, such as Young’s
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modulus, compression strength, tensile stress, fracture tough-
ness, hardness and Brazilian test properties have been used to
probe the brittle nature of bulk (RE)BCO materials. These are
summarised in the following sub-sections.

3.5.1. Effect of RE-211 on mechanical properties. RE-211
particles, which constitute the main second phase embedded
within the bulk RE-123 matrix, play a critical role in determ-
ining the mechanical properties of the single grain supercon-
ductor. It has been established from microstructural analysis
that cracks propagating through the sample are deviated by
the RE-211 particles. This suggests that the RE-211 inclusions
form an effective reinforcing material and contribute signific-
antly to enhancing the resistance of the RE-123 phase matrix
to fracture by dissipating energy via interfacial delamination
and crack bridging. The mechanical properties of DyBCO, for
example, are dependent strongly on the distribution of RE-211
particles within the bulk superconductor, with the homogen-
eity of their distribution fundamental to achieving good mech-
anical properties [193]. In general, the mechanical properties
of (RE)BCO bulk samples vary significantly with RE-211 or
secondary phase content [194—196], and a higher concentra-
tion of RE-211 helps generally to improve the mechanical
properties of the single grain. For example, the average value
of the Young’s modulus for the DyBCO system increases with
increasing Dy-211 content from 123 GPa to 133 GPa for Dy-
211 concentrations of 15 mol% and 25 mol%, respectively.
The fracture strength of DyBCO also increases with increas-
ing Dy-211 concentration, with average values of 62 MPa and
87 MPa for concentrations of 15 mol% and 25 mol%. The cor-
responding Weibull coefficients for DyBCO with these levels
of Dy-211 content are 5.1 and 15.0 [197], with a relatively
narrow range of data scatter. This trend is very similar to that
observed in the SmBCO system, where increasing Sm-211
content was found to enhance the mechanical properties of
the sample [198]. The average value of Young’s modulus for
GdBCO, on the other hand, decreases at high Gd-211 concen-
trations from 118 GPa to 111 GPa for 33 mol% and 29 mol%
Gd-211 [199]. Although increasing RE-211 content improves
generally the (RE)BCO mechanical properties, there is a fun-
damental limitation on the extent of this improvement given
the need for connectivity and optimum cross-sectional area
of the superconducting RE-123 phase. The optimum RE-211
content, therefore, lies usually in the range of 20—40 wt. % for
most (RE)BCO systems depending on the RE element and the
particle size within the precursor powder.

3.5.2. Influence of macro- and micro cracks on mechanical
properties.  The mechanical properties at different orienta-
tions in a single (RE)BCO grain, such as within the a/b plane
or along the c-direction, differ significantly. For example, the
average values of Young’s modulus and the tensile strength
along the c-axis of GdABCO (37 GPa and 10 MPa, respect-
ively) are significantly lower than those in the perpendicular
a/b plane [200] due primarily to the existence of micro-cracks
perpendicular to the c-axis. The average Poisson’s ratio based
on the transverse strain measured parallel to the c-axis (0.15) is
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found to be lower than that based on the strain perpendicular to
the c-axis (0.30). Three-point bending tests on specimens cut
from a single YBCO grain containing 15 wt.% Ag indicate that
the bending strength loading along the c-axis is lower than that
perpendicular to it [200]. Specimens loaded in the direction
perpendicular to the c-axis occasionally fracture catastroph-
ically into pieces along the a/b plane [201]. The reason for
the difference in mechanical behaviour for load applied in the
a/b plane and the c-direction is associated with three classi-
fications of crack in the single grain microstructure. The most
common are a/b-microcracks, which are observed typically as
dense lines parallel to the a/b plane, and of length less than
that of the RE-211 interparticle separation. a/b-microcracks
form at the site of RE-211 particles due to tangential tensile
stress developed around each inclusion during cooling from
the crystallisation temperature and during the RE-123 lattice
uptake of oxygen. The second and the third type of cracks are
the so-called a/b- and c-macro-cracks. These typically extend
across larger sample areas and are formed under the com-
bined influence of tensile stresses developed during sample
oxygenation and stresses induced by the macro inhomogeneity
of the RE-211 concentration [202]. It is relatively straightfor-
ward to understand these results given that the main micro-
and macro-cracks form parallel to the a—b plane during the
melt-processing and subsequent oxygenation of the (RE)BCO
single grain.

3.5.3. Reducing and filling the pores. It is well-known that
high porosity limits severely the mechanical properties of
single grain (RE)BCO bulk superconductors [178, 179, 197].
As aresult, considerable effort has been made to either reduce
the porosity or to add secondary phase material to fill the
pores. In particular, it was realised relatively early that the
addition of Ag could improve the mechanical properties of
the bulk samples significantly [191, 203, 204]. YBCO-Ag
and SmBCO-Ag are particularly good examples [189] of
samples with improved mechanical properties overall without
any deterioration of their field-trapping capability or level of
critical current density. Ag particles dispersed in the matrix
are able to blunt crack-tips, given their ductility [191], and it
is likely that they induce a compressive stress at the crack-tip
to resist crack propagation [191]. It has been shown that the
addition of Ag improves the mechanical properties to varying
extent of all (RE)BCO systems (RE = Nd, Sm, Gd, Dy and
Y, and even a combination of RE elements). The effects of
Ag content on the mechanical properties of (Nd, Eu, Gd)-Ba—
Cu-O [(NEG)BCO] bulk superconductors at RT, for example,
have been investigated by various tensile and compressive
tests. It has been concluded from these that the addition of an
increasing concentration of Ag from 10% to 20% improves
the average tensile strength of these samples from 26 MPa to
34 MPa. The Weibull coefficient for NEG)BCO with 20 wt.%
Ag was found to be higher than that of a sample containing
10 wt% Ag (3.09 and 1.54, respectively). This is attributed pre-
sumably to the closure of pre-existing micro-cracks perpendic-
ular to the c-axis in the test specimens [205]. A comparison
of the mechanical behaviour of YBCO and GdBCO-15 wt.%
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Ag,0 by three-point bend and transversal tensile tests at 77 K
and 300 K showed that the GABCO-Ag samples are less aniso-
tropic and exhibit better and more homogeneous mechanical
properties due to the presence of silver particles (filling the
pores) in the bulk, superconducting matrix [206].

The addition of a liquid phase of an appropriate composi-
tion to the precursor powder, combined with silver, also fills
the pores in (RE)BCO single grains and is another technique
for improving the mechanical properties of bulk samples.
YBCO containing Ag, which has very slow growth rate and
is therefore very challenging to process reliably, has been fab-
ricated successfully in the form of large, single grains by a
seeded IG technique with reduced porosity [207] by adding
additional liquid phase to the bottom of the pre-form pellet
[208] in a relatively large scale melt process. The combined
effect of providing both additional liquid and Ag during the
growth process improves significantly the mechanical strength
of YBCO bulk superconductors. As a result, small beams of
YBCO-Ag fabricated by the IG technique were able to with-
stand stresses over 170 MPa before failure. This increase in
failure stress is due to the combined effects of a reduction in
the area occupied by pores and a reduction in the average pore
size. Microstructural studies revealed that the added silver par-
tially filled most of the pores within the sample, therefore redu-
cing significantly both the area occupied by and the average
size of the pores.

The use of a Gd;BaO,4 (Gd210)-BaCuO,—CuO precursor
has also enabled the synthesis of very large GdBaCuO bulk
single grains of up to 140 mm in diameter [71, 194, 209] that,
from their observed ability to trap fields as high as 2.3 T at
77 K, appear to contain no serious cracks or flaws. In this
case, the formation of a liquid phase similar to that described
above enhances densification of the precursor by liquid phase
sintering. As a result, the mechanical strength of the sintered
precursor is increased compared to samples fabricated using a
conventional Gd123-Gd211 precursor composition. This tech-
nique has significant potential for preventing the formation of
cracks and pores during the texturing process of large single-
grain samples. IG and TSMG processes can also be modified to
reduce single grain porosity by introducing a liquid-rich phase
from the bottom of pre-form pellet during MG [89, 90, 97].

Another technique to reduce porosity in the single grain is
via melt-processing in pure oxygen. The porosity of DyBCO
bulk superconductors melt-processed in pure oxygen is typ-
ically below 4%, compared to around 20% in conventional
DyBCO single-grain bulk melt-processed in air. The min-
imum values of fracture toughness measured in low-porosity
bulk DyBCO samples is therefore around 15% higher than in
bulk samples processed in air [210]. The mechanical proper-
ties of these samples, such as Young’s modulus and bending
strength, are improved significantly by reducing the number of
pores. As a result, a maximum value of bending strength in as-
grown DyBCO bulk superconductors containing low porosity,
melt-processed in 100% O,, as high as 120 MPa (38% higher
than that of DyBCO bulk melt-processed in air) has been
reported [211].

Significantly, the presence of pre-drilled holes the bulk
microstructure has been observed to limit porosity and reduce
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the concentration of macro-cracks, resulting in enhanced
mechanical properties of individual, bulk single grains whilst
maintaining their ability to trap magnetic field. A maximum
trapped field of 0.84 T was recorded 0.2 mm above the top
surface of a thin-wall pellet (wall thickness 16 mm) at 77 K
[212], which is a relatively high value compared to samples
fabricated without holes. The elastic modulus of the perfor-
ated bulk samples showed an increase of more than 45% com-
pared to that observed in standard samples. The compressive
and tensile strengths are also improved significantly in samples
containing artificial holes [213], suggesting there is signific-
ant potential for further enhancing the mechanical properties
of bulk YBCO by filling the holes with material of appro-
priate, matched physical properties. Such technology would
potentially enable the thermal conductivity to be optimised,
which would improve the applications potential and stability
of single grain (RE)BCO bulk materials. This technique could
lead potentially to an improvement in superconducting prop-
erties and in applications utilising PFM, in particular.

3.5.4. Specific mechanical properties. (RE)BCO bulk
superconductors are applied inevitably at low temperatures
due to their 7. of around 90 K (—183 °C). However, it is con-
siderably more difficult to measure the mechanical properties
of these materials at their temperature of operation than it is
at RT. Despite the significant challenges associated with low
temperature characterisation, a number of effective measure-
ments of the mechanical properties of bulk single grains have
been performed at LNTs. For example, the fracture tough-
ness, K;c of YBCO and GdBCO-Ag single-grain samples at
77 K and RT was measured by performing bending tests on
V-notched specimens cut from the as-processed bulk single
grain. The results show that Kjc is scattered from 1.2 to
2.0 MPam'” at LNT and from 1.4 to 1.7 MPam'!?? at RT for
YBCO. The measured data for GABCO-Ag are also scattered
from 1.7 to 2.1 MPam'”? at LNT and from 1.3 to 2.1 MPam'/?
at RT. The average values of K;c of the YBCO and the
GdBCO-Ag bulk samples at LNT of 1.6 and 1.8 MPam'”? were
higher than the values observed at RT of 1.5 and 1.6 MPam!/2,
respectively [206, 214]. These results suggest that the mech-
anical properties of (RE)BCO at 77 K are at least as good as
those observed at RT. It should be emphasised that the scat-
ter in mechanical properties of (RE)BCO single grains is due
to the variation in sample microstructure. The results of three-
point bending tests performed under conditions of monotonic-
ally increasing and repeated loadings along the c-axis of speci-
mens cut from a single grain SmBCO containing 10 wt.% Ag
at LNT showed a scatter in Young’s modulus of between 66
and 149 GPa. The maximum value of the Young’s modulus in
the bulk single grain was observed in the vicinity of the seed
crystal. Unsurprisingly, three-point bending tests on speci-
mens cut from a YBCO single-grain containing 15 wt.% Ag at
LNT also showed a scatter in the results [200], suggesting this
may be associated with pre-existing defects (such as poros-
ity [201]) present in the single grain microstructure. Rather
detailed measurements using three-point bend tests to determ-
ine the spatial distribution of the flexural strength have been
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performed on bar specimens cut from four YBCO single-grain
bulk superconductors [192]. A relatively large spread in the
flexural strength was measured at RT, with average and stand-
ard deviation values of 49.3 MPa and 12.7 MPa, respectively,
across the four bulk samples investigated. This was attributed
to the systemic variation in microstructure associated with the
TSMG process. In particular, the strength of these samples was
shown to be related to the distribution of local porosity and Y-
211 content in the parent single grain.

3.5.5. Bulk composites.  In principle, it is possible to
achieve trapped fields of over 20 T in bulk, single-grain HTS.
There are, however, a number of barriers to realising such
exceptional performance, including the large tensile stresses
that develop during the magnetisation of high trapped-field
magnets as a result of the Lorentz force, which leads to brittle
fracture of these ceramic-like materials at high fields and,
secondly, the formation of catastrophic thermal instabilities
as a result of flux movement during magnetisation. Moreover,
for a batch of samples nominally fabricated identically, the
statistical nature of the failure mechanism associated with the
intrinsic microstructure of the single grain materials, means
that the best performance (i.e. trapped fields of over 17 T) can-
not be attained reliably and reproducibly.

As early as 2000, Tomita and Murakami attempted the use
of resin impregnation of micro-cracks and micro-pores on the
surface of the single grain to improve the mechanical prop-
erties of (RE)BCO bulk superconductors [215]. This tech-
nique was modified further to include resin with filler [216]
to further overcome the plastic nature of the resin, combined
with mechanical reinforcement of the exterior of the bulk
sample by wrapping it in a fabric of glass or carbon fibre. This
combined improved reinforcement process was observed to
enhance significantly both the mechanical stability and field-
trapping ability of the bulk single grain, even under repeated
thermal cycling and trapped field measurements at low tem-
peratures. The combined technique was used to prepare the
two sample arrangement for which the first high trapped field
record of 17.2 T at 29 K was set for bulk YBCO single grains
in 2003 [183, 215, 217]. This extraordinary benchmark was
to set a new performance standard for these technologically
important materials and to revive interest in their potential for
practical applications. A novel composite arrangement con-
sisting of a stack of two superconducting GdBCO-Ag single
grains of diameter 24 mm reinforced with pre-stressed, shrink-
fitted stainless steel rings was used subsequently to increase
the record trapped field in a bulk (RE)BCO single grain to
17.6 T at 26 K in 2014, more than a decade later [165]. The
magnetisation process of a bulk superconductor, particularly
to higher fields, often damages the sample such that it can-
not repeatedly trap high magnetic fields following subsequent
magnetisation. An arrangement of a composite stack of two
GdBCO-Ag single grain composites reinforced with stainless
steel is shown in figure 32, which achieved a trapped field
16.8 T at 26 K and, subsequently a trapped field of 17.6 T
at 22.5 K in a separate experiment. This magnitude of trapped
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Figure 32. Schematic illustration of a partial sectional view of a
bulk superconductor composite structure for trapping large fields on
repeated magnetisation. The figure (reprinted from [186] with
necessary permission) shows alternating layers of bulk
superconductor and reinforcing stainless steel.

field is comparable with the highest trapped field to be repor-
ted [165, 186] for bulk superconducting magnets of any mech-
anical and chemical composition, illustrating the scale of the
improvement in overall mechanical properties of supercon-
ducting (RE)BCO single grains and their potential for practical
applications.

The reinforcing post-melt-processing treatments described
above, which are relatively straightforward to implement, can
be used to improve both the mechanical properties and the
thermal stability of the composite structure, providing a prom-
ising route to reliably trapping magnetic fields of over 20 T.

4. Applications of (RE)BCO bulk superconductors

The basic materials requirement for engineering applications
of the majority of bulk (RE)BCO superconductors is that the
sample should be processed in the form of large, or pseudo,
single grains obtained either via single-seeding or multi-
seeding techniques. (RE)BCO bulk superconductors also need
fundamentally to possess high critical current densities and
high irreversibility fields if they are to generate properties that
compete with non-superconducting materials at practical oper-
ating temperatures. Other important parameters that influence
the potential to commercialise bulk superconductors include
the ease of manufacturing, yield, cost, mechanical handling
strength, long-term life, quality (uniformity) and availability
in the appropriate geometrical forms. Potential applications
employing bulk superconducting materials can be classified
broadly into three categories:

(a) Utilising the force between a bulk superconductor and a
permanent magnet in applications that include magnetic
bearings for motors and flywheel, systems for energy stor-
age and magnetically levitated vehicles (Maglev);
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(b) Utilising the trapped magnetic field for application as
quasi-permanent magnets and in portable MRI/NMR;

(c) Utilising the diamagnetic properties of superconductors to
realise efficient magnetic shields.

4.1 Static/dynamic applications

HTS materials have a significant potential for MAGLEV-
based applications since they self-levitate stably, in contrast
to conventional permanent magnets which are intrinsically
unstable, when cooled to an appropriate temperature and are
exposed to a magnetic field. These applications are partic-
ularly relevant for a range of applications from ground rail
transport systems to the levitation of conveyor belts in large
industries or airports. Low energy consumption and negligible
noise emissions are significant enabling features associated
with employing HTS materials for Maglev-based applications,
the potential for which has been demonstrated practically by
many countries, including Japan, China, Russia, Italy and
Brazil [218-220]. Particularly significant contributions to date
include a HTS Maglev vehicle in 2000 for human passengers
that employed YBCO single grains with a levitation capabil-
ity of 635 kg [221], levitated conveyor belt systems in clean
rooms where contactless transportation is a significant advant-
age [222] and powerful and non-contact mixers for a variety
of bio- and pharma-based applications. The ability to mix rel-
atively large charges of chemicals via magnetic coupling and
without any mechanical contact has considerable potential for
the production of contaminant-free vaccines and medicines. A
recent version of a superconducting mixer employing two per-
manent magnets coupled to a superconductor via flux pinning
has been shown to improve both speed of rotation and enable
higher load-handling capacities [223].

The reliability and stability of operating Maglev vehicles
for systems incorporating bulk (RE)BCO superconductors
have achieved competitive technical levels over recent years.
The combination of the generation of the opposite pole by the
superconductor to that of the permanent magnet to which it is
exposed and the flux pinning effect produce stable levitation of
a superconductor assembly over an array of permanent mag-
nets. A prototype Maglev was developed by Wang et al [224]
using a guideway constructed from Nd-Fe—B magnets to lev-
itate a vehicle incorporating 43 YBCO bulk superconductors,
each of diameter 30 mm. The resulting Maglev vehicle was
able to support a net weight of ~11 kN at a levitation height of
10 mm. A recent addition to this work was the development of
Maglev-COBRA [225]. A photograph of the Maglev vehicle
and its principle of operation are shown in figure 33(a).

A similar application based on the principle of magnetic
levitation is used as the basis of a flywheel/magnetic bear-
ing. The bulk superconducting bearings offer negligible rota-
tional losses and hence enable the potential development
of energy-efficient flywheels for practical applications. Fly-
wheels employing superconducting bearings are typically up
to 1000 times more efficient compared to those incorporat-
ing conventional bearings. The speed idling losses achieved
via the use of superconducting bearings can be as low as
0.001% per hour [228]. The overall storage efficiency of
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Figure 33. (a) The Maglev-COBRA vehicle and its principle of operation using levitation and guidance coils. (b) A 10 kWh flywheel
levitated by bulk superconductors, and (c) a MRI image obtained from a mouse embryo using a primary field generated by stack of six
annular EuBCO samples. Images in this figure are reprinted from [217, 225-227] with necessary permissions.

superconductor-based flywheels, taking into account the con-
duction losses of the cryostat and cooling energy losses of
the bulk samples, is ~90%, which is very significant from
an applications perspective. The inertial part of the flywheel
rotates typically with a rim velocity in excess of 1000 m s~!,
which is greatly attractive from energy density considera-
tions. A number of examples that exemplify the significant
advancements made in this area of application include are
the development of 5 kWh flywheel by Strasik et al [229]
and 10 kWh class flywheel energy storage system by Ichi-
hara et al [226], which rotates at 15000 rpm. Flywheels with
rotation speeds of up to 82 000 rpm have also been achieved.
A 10 kWh flywheel energy storage facility developed is
shown in figure 33(b). A number of power-related applica-
tions are emerging currently as a direct result of the signific-
ant advancements achieved recently in the production of bulk,
thick and thin films of (RE)BCO materials [90, 165, 177—
179, 183, 184, 185, 186, 230-232] and due specifically to
improved efficiencies and a significant potential reduction (by
~30%-50%) in the volume and weight of superconducting
components. These include, but are not limited to, fault current
limiters [233-235], stator systems for wind generators [236],
high power and high torque motors for aerospace applications
[237], HTS fusion magnets and current leads [238], power
generators [239], transformers [240] and many others. The
Ampacity project [241] in Essen, Germany connecting two
substations that are 1 km apart with superconducting cable
(including a cable joint), operating at a core performance of
40 MVA is a good example of the advances in engineering
achieved in one particular area of HTS research.
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4.2. Medical-based applications

Two significant areas in medical applications where super-
conducting materials have been playing, and will continue to
play, a dominant role are MRI and NMR. Superconductors
enable the construction of lightweight, compact and portable
systems in both these techniques. The sensitivity of detec-
tion depends crucially on the magnitude and stability of the
applied magnetic field in MRI and NMR, and the ability of
bulk superconductors to trap large magnetic fields forms the
key parameter for their deployment in these applications. State
of the art versions of both these devices use LTS materi-
als, although substantial effort has been made more recently
to develop prototype systems based on HTS. It is prefer-
able to use rings or solenoids to obtain a stable, uniform and
flat trapped field profile rather than the characteristic con-
ical trapped fields generated by discs of bulk (RE)BCO. As
a result, EuBCO bulk superconductors in the form of ring-
s/solenoids have been investigated and utilised to develop an
MRI-based system. Three-dimensional images of a mouse
embryo have been obtained subsequently by Ogawa et al
[227], as shown in figure 33(c). SmBCO-based bulk super-
conductors have also been used to develop an NMR sys-
tem [242]. Furthermore, a H' (or proton) signal at resolu-
tion of 610 Hz has been detected at a resonance field of
2.96 T in silicone rubber. An undulator is another applica-
tion where bulk superconductors were engineered into peri-
odic structures to replicate an array of alternating dipole
magnets. Recently, Calvi et al [243] developed a staggered
array undulator based on GdBCO bulk superconductors with



Supercond. Sci. Technol. 34 (2021) 053002

Topical Review

alternating fields of £1 T at 10 K at a separation of
6 mm.

Magnetic drug delivery systems are a second class of
medical-based applications that utilise the unique field-
generating properties of bulk superconductors. These tech-
niques can offer significant potential benefit to patients suffer-
ing from chronic, localised internal illness, such as tumours or
cancers. In current traditional treatment techniques, patients
are usually either exposed to repeated, prolonged radiation
treatment and/or given oral medicines in relatively large
dosages to ensure that at least a reasonable quantity reaches
a localised part of the body (i.e. the site of the tumour or can-
cer). However, this means healthy body cells and tissues are
exposed unnecessarily to high doses of medicine, often with
unavoidable and excessive side effects. In the magnetic drug
delivery system, the drug is attached to a biocompatible mag-
netic particle and the assembly is guided to the location of the
tumour or cancer by an external magnetic field generated by
a bulk superconductor. In this case, the magnetic field gradi-
ent (dB/dx) forms the key parameter in applying force, F, to
the magnetic particle and therefore in its guidance to the loca-
tion of the tumour [244, 245]. The magnetic force experienced
by the particle is given by F = A B %, where A is a constant
and B is the magnetic induction. The larger the value of field
and steeper its gradient, higher the force experienced by the
particle (which requires a compact, bulk superconductor and
a high trapped field). Once the drug reaches the desired loca-
tion, the external field is removed by increasing the operating
temperature of the superconductor to above its T, simultan-
eously releasing the drug to the tumour location. This tech-
nique requires fundamentally a smaller quantity of medicine
to treat the body overall, reducing significantly the dose to
healthy cells and tissue and simultaneously reducing the cost
of treatment and minimising side effects. Such a device based
on bulk GdBCO has been developed and tested by Nishijima
et al [244-246] who reported that the accuracy of drug nav-
igation was better than 80%. The principle of operation of
magnetically targeted drug delivery along with a device based
on an arrangement of two (RE)BCO bulk superconductors is
shown in figure 34(a). Magnetic separation, which is based
on the same field-gradient principle, has also been proposed
employing bulk superconductors. Polluted water or oil can
be effectively and efficiently cleaned in multi-step cleaning
processes employing a large-gradient magnetic field gener-
ated by bulk (RE)BCO superconductors. Additionally, in con-
ventional purification systems, it is possible to remove debris
accumulated in filters by treating the starting liquid with mag-
netic coagulants, which then cause flocs to form that are easily
filtered and removed utilising the high-gradient magnetic field
[247]. A prototype magnetic separation unit developed for this
purpose has demonstrated efficient filtering in excess of 95%,
opening a pathway for the use such mobile units for cleaning
contaminated lakes and rivers.

(RE)BCO bulk superconductors are suitable for use in
lightweight, compact brushless synchronous motors based on
their ability to trap large, surface magnetic fields as high as
8—10 T. Operating the superconductor at a lower temperat-
ure increases the field strength significantly to provide an
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enhancement in the power density and hence in the over-
all performance of the motor. An axial gap-type synchron-
ous motor of 500 mm in diameter and 30 mm in length has
been developed in which the rotor was composed of eight
GdBCO bulk superconductors enabled rotation of 850 rpm
with a power output of 10 kW. In this application, the armature
coils were fixed to stators and were used to magnetise the bulk
superconductors via a PEM approach. In this case, the power
factor and efficiency of the reluctance motor was enhanced by
the diamagnetic nature of the superconductor.

A non-invasive method of measuring flow-rate or velo-
city in liquids or fluids is of significant interest in the metal-
processing, pharmacological and food industries both for
improved performance and also to maintain hygiene standards
[250]. Conventional flow-measurement techniques are based
on electrical contact, which becomes challenging when the
fluid or liquid is hot, non-transparent or chemically aggressive.
It is possible to address these problems by employing Lorentz
force velocimetry (LFV) where the magnetic field is applied
perpendicular to the direction of fluid, thereby measuring the
flow rate without any contact with the moving liquid [251].
The force occurring due to the relative motion between the
electrically conducting medium (of conductivity o) as a res-
ult of the application of a transverse applied magnetic field
(of strength B), is equivalent to the Lorentz force (Fy,) and
is given as: Fy, =ocu VBZ, where u is the mean flow velo-
city of the liquid/fluid and V is the characteristic volume. The
fact that the Lorentz force scales as B2, and hence the sensit-
ivity of the technique, has motivated the use of superconduct-
ors as the source of magnetic field given their unique potential
to generate very large values for B, even in compact sample
volumes. Conventional LFV employing permanent magnets or
solenoid coils for liquid metals with high conductivity (~10°—
10° S m~!) will still generate a significant force. The only
practical option for measuring the flow of slow-moving liquids
or fluids with lower values of conductivity, however, is by util-
ising the dependency on the square of B and by using single
grain, bulk (RE)BCO superconductors, where the trapped field
at the surface of the bulk samples can be as high as 8—10 T at
50 K.

4.3. Shielding based applications

Superconductors can function as efficient magnetic shields
below certain critical fields based their ability to resist the
application of magnetic field due to the Meissner effect. These
shields can be of considerable importance in two different
technical contexts; (a) to isolate magnetically and protect
sensitive devices, such as superconducting quantum interfer-
ence device magnetometers or cryogenic current comparat-
ors, where external stray magnetic field/electromagnetic noise
can influence measurements critically, and, (b) to protect
the external environment when operating high-field devices
such as superconducting magnets. Superconductors have been
found to work as efficient passive magnetic shields with per-
formance independent of frequency and over a relatively wide
frequency range (80 Hz—100 000 Hz) [252]. Shielding in these
applications is provided by macroscopic current loops that
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Figure 34. (a) Magnetic drug delivery system: Operating principle of a device employing two different superconductors (YBCO and
GdBCO) with trapped fields of 1.6 T and 2.2 T arranged geometrically to obtain a high-gradient magnetic field. (b) Magnetic shielding
performance studies carried out in YBCO and Bi-2223 tubes, indicating By and a schematic arrangement to measure magnetic shielding
performance. The SF as a function of applied magnetic field obtained in an YBCO cavity fabricated by TSMG is also shown. Images in this
figure are reprinted from [1, 244, 247-249] with necessary permissions.

circulate along the wall thickness, or outer layer, of the super-
conducting material, which is usually constructed in the form
of tube or cavity for this application. The efficiency of shield-
ing is often measured in terms of two characteristic paramet-
ers, namely the SF and the Byi,,. The SF is defined as the ratio of
B.pp1 to the induced field inside the cavity, Bjy, i.e. SF o< Bg—?.
The limiting field is the field above which the field starts to
enter the cavity, as is shown in figure 34(b). In general, the
higher the values of SF and By, the better the shield. Super-
conductors in the form of hollow tubes, cavities with bottom
sealed, discs and plates have been studied in the context of
magnetic shields [248, 253-255], with recent work focussing
on (RE)BCO and Bi-2223 HTS materials fabricated in tube
geometries. A value of By, value at 77 K has been observed
to be around 14 mT for Bi-2223 [256] and around ~51 mT
[249] for YBCO tubes.

Compared to the conventional ferromagnetic/mu-metal
shields, where shielding performance is limited by the sat-
uration magnetisation of the material, type-II superconduct-
ors manufactured in the form of cavities exhibit enhanced
performance both at 77 K and at lower temperatures due to
enhanced flux pinning strength in these materials. Typically,
two aspects that aid shielding performance in superconducting
bulk cylinders are: (a) a long cylindrical cavity and (b) higher
current density performance. Recently, YBCO and GdBCO
cylindrical cavities have been fabricated and tested for this
purpose, with shielding of ~1.5 T at 20 K being achieved in
an YBCO cylinder. A GdBCO cylinder of diameter 32 mm,
bore 10 mm and height 13 mm, fabricated employing the
TSIG technique, exhibited a shielding performance of 0.4 T
at 77 K. Given the challenge of melt processing long cyl-
inders of (RE)BCO material in the form of a single grain,
attempts have been made to obtain thick and multiple layers
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of YBCO on Ag or Ni substrates [257, 258] using electrophor-
etic deposition and continuation spray detonation techniques
[259, 260]. This approach is useful in two ways; longer cylin-
ders are easier to obtain and both processes typically require
relatively small quantities of (RE)BCO powder for depos-
ition as thick film layers (typically accounting to thickness
in the range 10-200 pm [249, 257-261]). Of course, contin-
ued research is required to achieve good connectivity across
multiple grains in thick films of (RE)BCO, although signific-
ant progress has been made by employing melt-growth based
techniques under reduced atmospheres to improve connectiv-
ity. An additional merit in the use of superconductor shields
is reduced weight and compactness compared to the con-
ventional shields based on ferromagnets, such as mu-metal,
although these benefits are offset to some extent by the need to
cool the superconducting samples. These super-efficient mag-
netic shields fabricated either from bulk materials or from
thick film-coated cylinders have considerable potential for
application in present and future magnet accelerator projects,
in particular.

The quantity, volume and mass of bulk superconductors
and/or superconducting components varies from one applic-
ation to another, depending on the objective, function and
range of device. For example, some of the commercial pro-
ducers of bulk superconductors, such as ATZ (Germany),
CAN Superconductors (Czech Republic) and Nippon Steel
(Japan), produce more than 1000 single grain superconducting
discs annually and tonnes of superconducting powders and
other related products for use in a range of applications from
demonstration sets to mobile Maglev compact platforms and
cryostats, high gradient bearings, sputtering targets, flywheel
energy storage and others. There are more than 25 suppli-
ers that produce LTS and HTS wires and tapes commercially,
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including thick films, 1G and 2G-HTS wires and coated con-
ductor tapes to facilitate the development of high-field super-
conducting magnets, fault current limiters, cables, accelerators
and MRI and NMR magnets. Associated with the develop-
ment of robust and continually improving fabrication meth-
odologies for single grain (RE)BCO bulk superconductors is
the prospect of new and enabling sustainable engineering tech-
nologies, raising the profile of applied superconductivity and
opening-up options for a variety of novel technical devices in
the short to medium-term.

5. Superconducting wires, magnets and joining
techniques

Although this review mainly focusses on bulk (RE)BCO
materials, a very short and brief summary on superconducting
wires, magnets and associated joining techniques is provided
in this section for completeness. The fabrication of long super-
conducting wires and tapes by economic processes for use in
high-field magnets and high power cables has been a principal
research and development goal since the discovery of HTS
in 1986. Electromagnets with ferromagnetic cores are limited
typically to generating fields of 1.6-2 T, since the ferromag-
net core saturates completely within this field range and the
constituent copper coils cannot support any further increase
in current. Resistive magnets (for use in copper tokamaks,
for example) with pulsed fields are being utilised in certain
plasma physics studies, although continuous field operation is
not possible using normal-conductor technology. In addition,
the associated costs of maintenance, water cooling and power
operations are extremely high and are not economic. As a res-
ult, superconducting magnets are the only viable option for
generating continuous, dc magnetic fields >2 T over a reas-
onable accessible sample volume. In addition, the ability of
superconducting coils to operate in persistent current mode
enables stable magnetic fields to be generated, which is fun-
damental to a range of applications. Hence, significant effort
has been dedicated to developing high quality, low resistance
joints between individual superconducting tapes.

5.1 Superconducting wires and tapes

Soon after the discovery of type-II superconductors, which
support a mixed/vortex state enabling the superconducting
state to be maintained even in the presence of large mag-
netic fields, effort began worldwide to develop superconduct-
ing wires and tapes primarily with the aim of developing high
field superconducting magnets and high current cables. Nb
wires were used to build the first superconducting magnet that
generated a magnetic field of 0.7 T at 4.2 K in 1954 at the
University of Illinois [262]. Subsequently, other candidates for
superconducting wires, such as MoRe, NbZr and NbTi, were
investigated for use in the development of high-field magnets
[263]. A Nb-Ti based superconducting magnet was developed
in 1961 that generated a field of 8.8 T; this performance has
been enhanced over subsequent years primarily by engineer-
ing Nb-Ti wires to generate fields of up to 20 T. A recent
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record achieved in this direction is the development and suc-
cessful commissioning of a whole body 11.7 T MRI mag-
net, using Rutherford cable with Cu/NbTi strands, achieved in
2019 as a part of Iseult project [264, 265]. To date, most super-
conducting magnets are made predominantly using NbTi LTS
wires, which usually require liquid He as a cryogen for their
operation.

Work began rapidly to develop wires and tapes for super-
conducting magnet technology soon after the discovery of
HTS in 1986. The first generation (1G) of HTS wire and tape
(mainly comprising of Bi—Sr—Ca—Cu-O (BSCCO), primarily
Bi,Sr,Ca; Cu;, 054 (Bi-2212) material was developed initially
and predominantly in the early 1990s. Bi-2212 wires produced
via powder-in-tube (PIT), in particular, exhibited significant
potential to generate fields of ~20 T at temperatures below
20 K. Ag and Ag-based alloys used to clad these wires, both of
which are permeable to oxygen during both the heating and the
annealing stages of the PIT process, which is crucial for con-
trolling and optimising the superconducting properties in these
materials. Typical cross-sectional micrograph of a 1G-HTS
BSCCO wire is shown in figure 35(a) [266]. Superconducting
wires employing Bi-2212 of length ~ 1 km were achieved prior
to 2011 with engineering current densities (J.) of 10° A mm™2.
J.. was improved subsequently to 10’7 A mm~2 by reducing the
porosity present within the wire via high pressure heat treat-
ments. Bi;Sr,Ca;Cuz 014, (Bi-2223) with higher 7. (108 K)
also emerged as a strong candidate for the development of
wires, initially in the form of short lengths for coils and cur-
rent leads. Extensive research in this direction enabled pro-
duction of Bi-2223 HTS wires/tapes that can now carry cur-
rent in excess of 160-200 A at LNT with a corresponding
J. of ~50 kA cm~2 (at 77 K, in self-field). As the value of
J. increases further at lower temperatures, many applications
were explored in the temperature range 20 K—40 K.

Second generation (2G) HTS wires and tapes consisting
of a sequence of thin layers, referred to generally as coated
conductors, and composed mainly of RE-Ba—Cu-O (where
RE =Y or Gd) were developed subsequently in the 1990s.
These wires and tapes exhibited significantly improved cur-
rent carrying performance and an ability to overcome the prob-
lems of flux creep observed in BSCCO, due to their higher
irreversibility fields. The operation of a magnet in persistent
current mode requires a very small flux flow resistivity, and
this is an advantage of using (RE)BCO as the core mater-
ial, given its high n-value compared to its LTS counterpart.
The weak-link nature of grain boundaries is the primary chal-
lenge to the processing of (RE)BCO coated conductors, and is
particularly challenging when km-long lengths of wires/tapes
have to be produced on a commercial scale. The development
of biaxial texture in the conductor substrate; i.e. obtaining
rolling-assisted biaxially textured substrates (RABiTS™, as
proposed by Goyal et al [267, 268]) was the first significant
development that paved the way for achieving 2G-HTS tapes.
The current architecture of (RE)BCO HTS tape is rather com-
plicated and involves the IBAD (ion beam assisted deposition)
process, in which a buffer layer, the superconducting com-
ponent and a number of protective layers are plated on to a
flexible Hastelloy based substrate via MOCVD. Increasing the
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Figure 35. (a) and (b) Cross-sections of a 1st generation (1G) HTS BSCCO wire and 2G-HTS coated conductor tape respectively. (c) The
architecture of a typical 2G-HTS (RE)BCO coated conductor adopted by SuperPower Inc. (d) Image of a 2G-YBCO coated conductor of
Fujikura Ltd. (e) Illustration of slicing several smaller widths in a 2G-HTS coated conductor as demonstrated by American Superconductor
Co. (f) Schematic illustrations of two methods of producing superconducting joints (Lap and Bridge configuration), (g) shows an optical
micrograph obtained at a superconducting joint achieved via precursor films between two GdBCO coated conductor tapes (h) the SAEDPs
obtained in the marked regions of (g) are shown in (h). Images shown in (a), (b), and (e)—(h) are reprinted from [266, 269, 277, 278] with
necessary permissions. Images in (c) and (d) are reprinted with permissions from SuperPower Inc. and Fujikura Ltd respectively.

thickness of the (RE)BCO layer enhances significantly the cur-
rent carrying ability of the coated conductor tape in the IBAD
process. For example, the commercial supplier ‘American
Superconductor Corporation’ produced YBCO-coated con-
ductor with a I, of 275 A per cm width of the tape for one layer
of YBCO coating (corresponding to 1 pum thickness), which
increased to 560 A per cm width for three layers of coating
(corresponding to an YBCO thickness of ~2 um) [269]. An
example cross-section micrograph of a 2G-HTS YBCO coated
conductor is shown in figure 35(b). Other deposition processes
such as PLD, thermal and e-beam evaporation and liquid phase
chemical deposition are also being explored and investigated
as practical techniques to fabricate practical HTS conduct-
ors [270, 271]. A typical architecture adopted by SuperPower
Inc. is shown in figure 35(c). Lengths of ~500 m (RE)BCO
coated conductor are now being manufactured by tens of HTS
tape producers across the world, but concentrated predomin-
antly in the USA, Europe, China and Japan. These coated con-
ductors can carry currents in the range 100-200 A at 77 K
and in self-field for a typical tape of width 4 mm. An actual
2G-HTS coated conductor produced by Fujikura Inc. is shown
in figure 35(d). Remarkably, these tapes exhibit current dens-
ities in excess of 3 MA cm~2 at 77 K and in self-field. It is
now possible to fabricate coated conductors with typical thick-
ness in the range 20-100 pm, width in the range 1-40 mm and
lengths of up to 1 km [269-272]. Some of the advantages of
these 2G-HTS tapes are that they require smaller quantities of
silver (only a few micrometres thick), which is useful in terms
of cost effectiveness and also facilitates better permeation of
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oxygen during the annealing step. A significant advantage of
2G-HTS coated conductors is that they can be produced in a
wider configuration and can be sliced subsequently into appro-
priate widths as required by users, which is simply impossible
with 1G-HTS tapes/wires technology. An example of a sliced
2-HTS coated conductor by American Superconductor Co.
is shown in figure 35(e). Further reading on HTS wires and
coated conductor technology development can be found in
[269-276].

5.2. Superconducting magnets

Demand for the development of high-performance supercon-
ducting magnets to be used in applications involving nuclear
fusion, accelerators, MRI and NMR has grown significantly
over the past decade. A number of existing, cutting-edge pro-
jects such as the LHC at CERN and evolving projects such as
ITER, FCC, large tokamaks in fusion power plants and helical
reactors, have a fundamental requirement for high quality and
high performance superconducting magnets. This unpreced-
ented demand is due primarily to significant advances both in
HTSC wire/tape development and in cryogenic research that
have enabled highly efficient coated conductors and econom-
ically viable cryostats and refrigerators to be available. The
nature of the technology in large-scale applications such as
ITER or FCC means that the cost of cryogenics and cool-
ing technology are a relatively small fraction of the total cost
of the superconducting magnet (typically <2% of the total
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cost). Operating superconducting magnets at higher temperat-
ure, in the range 20 K-50 K for example, will also reduce the
cost of operation considerably since this obviates the need for
liquid helium, enabling instead the alternative use of relatively
cheaper cryogens, such as liquid hydrogen or liquid neon.

HTS ring magnets [279, 280] have been proposed and
developed based on their potential to carry large current dens-
ities, with trapped fields of ~4.6 T having been achieved using
a double-stacked arrangement. Two advantages of this config-
uration are (a) the size of the HT'S ring magnet can be varied by
stacking more ring magnets to achieve a longer column (and
hence greater length:diameter aspect ratio) and (b) the mag-
netic field is parallel to the a—b plane, which means the field
can be retained under conditions of higher current flow. These
ring magnets can be of particular value in applications such as
MRI or NMR, which require a more homogeneous magnetic
field.

The in-field performance of (RE)BCO coated conductors
has improved by orders of magnitude over the past 20 years
and through successful incorporation of BaZrO; (BZO) or
BaHfO3; (BHO) within the conductor microstructure to form
effective flux pinning sites and hence improved superconduct-
ing performance [281, 282]. For example, an engineering cur-
rent density of over 5 kA mm~2 at 4.2 K and in a field of
14 T field has been achieved in 4 pm thick (RE)BCO coated
conductor tapes and the performance has been observed to be
promising up to fields of 31.2 T [231, 283]. 2G-HTS coated
conductors were used to develop superconducting solenoids
in 2007 that generated fields of 26.8 T [284] (i.e. well above
the 23.5 T representing the higher limit possible with NbTi-
Nb3Sn based LTS magnets). In 2017, the National High Mag-
netic Field Laboratory (NHMFL) at Tallahassee demonstrated
a field of 32 T [285], a record that was broken by the same
laboratory in 2019 by recording a field of 45.5 T [286]. These
results demonstrate clearly the considerable advantages of
employing 2G-HTS coated conductors, frequently in combin-
ation with LTS and 1G HTS wires. Further reading on the
development of high-field superconducting magnets can be
found in [277, 283,-293].

Three main parameters require continued development
within the context of HTS wires and tapes: (a) the improve-
ment of the mechanical strength of these ceramic-like tapes;
(b) reduction in cost and; (c) achieving long-lengths of con-
tinuous HTS wire/tape. It is anticipated that both the cost and
the continuous length production issues can be addressed to a
reasonable extent if economical fabrication techniques such as
dip-coating or electrophoretic depositions mature sufficiently
to produce coated conductors with the required superconduct-
ing properties. The third issue of the production of continuous
tapes can be addressed, at least to some extent, by developing
effective joining techniques. Some of these joining techniques
are summarised in the following section.

5.3. Superconducting joints

The subject of superconducting joints between superconduct-
ing wires/tapes is an important topic of research required
to facilitate the development of superconducting coils and
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magnets, since as the production industry is not yet capable
of producing long, continuous lengths of HTS conductors.
The development of an effective joining technique, however,
requires a combination of good science and experimental skills
given that coated conductors are very thin (typically the super-
conducting layer is in the range of few micrometres) and are
damaged easily. A good superconducting joint is required to
exhibit good or strong adhesion, exhibit minimal or negligible
contact resistance, degradation of critical current being min-
imal, and, ideally, zero and an ability to withstand both the
electrical and mechanical forces present during high field or
high current operation. The location of the joint remains crit-
ical in determining the overall performance of the combined
length of the coated conductor. Broadly speaking, supercon-
ducting joints are being developed using four different tech-
nologies: (a) soldering, (b) ultrasonic welding, (c) diffusion
binding and (d) fusion via partial melting of a superconduct-
ing layer.

Soldered joints have been studied reasonably extensively
within the context of NbTi and Bi-2223/Ag wires [294-296].
Pressed or soldered joints have also been developed spe-
cifically to produce longer lengths of coated conductor for
demountable fusion magnets, which involves sandwiching
a thin layer of In-Sn or Pb-Sn solder between two HTS
coated conductor tapes [297]. A copper/silver shunt at the
joint provides an additional parallel path for the flow of cur-
rent, thereby reducing the effects of heating at the position of
the joint. Typical superconducting joints are shown schemat-
ically in figure 35(f). Joining via the splicing and soldering
approaches has yielded joint resistances of less than 20 nf
for an overlap of 10 cm across the two conductors being
joined. The ultrasonic welding process is essentially a join-
ing technique for metal-coated conductors to fuse together
material at the overlap region of the two tapes through fric-
tional heating generated by high frequency ultrasonic vibra-
tions [298]. GABCO-based, 2G-HTS coated conductors have
been fused together successfully via this technique with no
measurable decay in the critical current across the fused loc-
ation under persistent mode operation. This development is a
particularly significant step towards realising the long-lengths
of HTS coated conductors that are required for coils and
magnet applications. A final joining technique explored has
been to partially melt the superconducting layers at the over-
lapping location in coated conductors and to resolidify the
superconducting layer to achieve improved connectivity at the
fused location [278, 299]. An example precursor layer fused
between two GdBCO coated conductor tapes can be appre-
ciated from figure 35(g). The SAED patterns obtained in the
marked regions of figure 35(g) are shown in figure 35(h).
This technique is generally more complicated to implement,
although the results to date are encouraging and bode well
from an applications perspective.

6. Summary and conclusions

In this review, we have presented significant advancements
that have been made over last two decades in the fabrication of
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high performance, high-quality single grain (RE)—Ba—Cu—0O
bulk superconductors for a variety of sustainable, high field
applications. Focus has been generally on the role of several
critical processing parameters that have enabled both the per-
formance of (RE)BCO bulk superconductors to be improved
and optimised whilst simultaneously improving the reliabil-
ity of the single grain, bulk fabrication process. A number of
important relatively recent advances in processing have been
outlined as part of this review, including:

(a) The development of the buffer technique and its integra-
tion with melt-growth based fabrication methodologies,
which has been demonstrated to be advantageous in two
distinct ways;

1. the buffer pellet acts as an important gateway for the
propagation of texture whilst preventing either the dif-
fusion of the RE seed crystal element into the (RE)BCO
sample or the diffusion of Ag from the main sample in
the reverse direction (i.e. into the seed crystal), thereby
preserving its crystallinity and texture.

. the reliability/yield of single grains fabrication both
via TSMG and TSIG techniques has improved consid-
erably from ~30%-50% to >90%, therefore enabling
batch production of (RE)BCO bulk superconductors.

(b) Control of RE-211 content in the TSIG approach, with the
development of two-step BA-TSIG, is particularly attract-
ive from a processing perspective since it can enable the
processing of near-net shaped single grain (RE)BCO and
(RE)BCO + Ag bulk superconductors.

(c) The development of Mg-doped, NdBCO generic seed
crystals and NdBCO film seeds, both of which exhibit a
higher melting temperature in the range 1090 °C-1110 °C
in air has enabled the fabrication of single grains of all
(RE)BCO, (LRE)BCO and the equivalent Ag-containing
systems. These developments in seed crystal have also
enabled careful growth-rate studies to be performed both
in the a-growth and c-growth regions of the anisotropic
(RE)BCO, (LRE)BCO systems and Ag-containing sys-
tems.

(d) The development of several mixed, ternary and quaternary
(RE)BCO systems has enabled pathways to be established
for achieving additional flux-pinning associated with lat-
tice mismatch effects.

(e) Important correlations of microstructural features to
superconducting and mechanical properties have been
made over the last two decades to facilitate control of the
performance of the optimised single (RE)BCO grains and
therefore transition towards practical applications.

(f) Novel experiments including, but not limited to, interior
seeding producing two aligned single grains, multi-
seeding producing quasi-single grains, the fabrication of
bulk superconductors with artificial holes for quicker oxy-
genation and rapid cooling in liquid cryogen and the pro-
cessing of long, effective cavity samples for magnetic
shielding applications.

(g) Internal reinforcement of bulk (RE)BCO superconductors
either via the addition of Ag and/or metal or SiC fibres
has improved the mechanical strength significantly and in
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excess of 40% compared to standard samples. External
sample reinforcement, such as shrink-fitting, resin impreg-
nation and composite lamination, have all been found to
further improve the mechanical strength of these ceramic-
like composite materials.

Trapped fields of between 8 and 10 T are now possible
on the surface of individual (RE)BCO bulk single grains in
the temperature range of 40 K-50 K, with fields of between
16 and 17.6 T having been achieved at 30 K reliably in a
two-sample, stacked configuration. These potentially import-
ant technological developments are attributed directly to sig-
nificant advancements in both processing methodology and in
internal and external reinforcement. Indeed, a combination of
recent reinforcement techniques, including composite lamin-
ation, material is emerging as a promising pathway to real-
ise trapped fields in excess of 20 T, which is consistent with
the predictions of theoretical simulations. The development of
pulsed-field magnetisation is enabling practical and econom-
ical in situ magnetisation for high-field applications, in gen-
eral, and for medical and pharma-related applications, in par-
ticular.
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