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Chapter I 

Introduction 

 

1.1.  Introduction 

High temperature superconductors (HTSC), exhibiting 

superconductivity above the boiling point of liquid nitrogen, are among the 

most fascinating materials discovered in the last century. The initial 

excitement was in anticipation of finding room temperature 

superconductors. The quest is still on. And, a wide area of research on the 

physics of these interesting materials has opened up. The basic properties of 

superconductors are described in Appendix given at the end of the thesis. 

Even more effort had been put in exploiting the potential of these materials 

for applications, both in the form of wires/ tapes, and also as bulk 

components. Some of the applications being developed using high 

temperature superconductors are also discussed in the Appendix.      

1.2.  High temperature superconductors 

The discovery of La-Ba-Cu-O superconductor in 1986 by Georg 

Bednorz and Alex Müller [1] was the starting point in the research on HTSC. 

This was followed by the discovery of cuprate superconductors with 

transition temperatures above the boiling point (77 K) of liquid nitrogen. 

Some of the cuprate compounds were discovered in the Y-Ba-Cu-O, Bi-Sr-Ca-

Cu-O, Tl-Ba-Ca-Cu-O and Hg-Ba-Ca-Cu-O [2-5] systems, many of them with 

critical temperatures higher than 77 K (Fig. 1.1). Among the HTSC, transition 

temperatures up to 138 K (164 K under pressure) have been recorded in Hg-

based superconductors [5]. Superconductivity was later discovered in 

magnesium diboride (MgB2)[6], which showed a Tc of 39 K. Other interesting 
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discoveries were superconductivity in the fulleride compound CsC60, with a 

Tc of 40 K [6] . Most recently, iron-based series of compounds have been 

discovered whose Tc has risen to 50 K[8].  

Most of the application oriented research on HTS has been confined to 

Bi2Sr2Ca2Cu3Oy (BSCCO) and REBa2Cu3O7−δ  (REBCO, RE stands Rare Earth 

elements such as Y, Nd, Sm, Gd, Dy etc) systems. Tl-Ba-Ca-Cu-O, Hg-Ba-Ca-Cu-

O etc. drew less attention due to their toxicity and the difficulties involved in 

their preparation [3-4]. Substantial amount of work has been done on the 

BSCCO system due to the relative ease with which wires/tapes can be 

fabricated out of this material. Operation of these at higher magnetic fields 

had been limited due to flux creep problem [9]. 

At present, REBCO superconductors are the most promising materials 

for various applications because of their reasonable transition temperatures, 

relatively lower toxicity, manageable flux-creep problems and to a 

considerable extent, the available control over their properties through 

process modifications. 

 

Fig. 1.1 Evolution in the transition temperatures of superconducting 
materials, starting with mercury. Recent discoveries are also included [10]. 
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1.3. Properties of REBCO Superconductor 

REBCO are black ceramic superconductors with their transition 

temperatures around 92 K.  They, when oxygen deficient, have the formula 

REBa2Cu3O6.5 and a tetragonal crystal structure; and the composition 

changes to REBa2Cu3O7−δ with the structure changing to orthorhombic 

through oxygen ordering in the b-direction (see Fig. 1.2), when annealed for 

long durations at lower temperatures. 

REBCO is known to be anisotropic in nature [2]; it has been 

established that the current density (Jc) supported by the materials is lower 

by an order of magnitude when the current flows in the c-direction than 

when it flows in the Cu-O layers in the c-plane [11]. 

 
      

Fig. 1.2 The orthorhombic unit cell of YBa2Cu3O7-δ. It has lattice parameters 
a ~ 3.82 Å, b ~ 3.89 Å, c ~ 11.68 Å, and space group P4/mmm , Tc = 92 K. 
The notable feature is the presence of a sequence of copper-oxygen layers 
perpendicular to the c-axis [12]. 

1.4. REBCO superconductors fabricated by melt growth process 

Initially REBCO Ceramic superconductors were processed through 

conventional sintering technique which yielded samples with randomly 
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oriented grains. Random orientation of the grains gives rise to weak links at 

the grain boundaries bringing down the overall current carrying capability. 

Macroscopic defects such as cracks, porosity and secondary phases also 

affect the current densities [13]. Fig. 1.3 shows typical micrograph of a 

sintered YBCO superconductor.  

 

Fig. 1.3 Optical micrograph of a sintered YBCO superconductor showing 
randomly oriented grains and a large amount of porosity. 

Melt texturing technique developed by Jin et al. [13] was the first 

process to yield bulk samples of YBCO supporting relatively high current 

density. The initial melt textured samples were significantly improved in 

their capacity to carry currents in comparison with sintered samples; they 

supported current densities of the order of 104 A/cm2 at zero field [14]. 

1.4.1. Melt Growth Process (MGP) 

The Melt textured growth of REBCO [13] consisted of heating the 

precursor REBCO to above its melting temperature, and growing and aligning 

crystals from the super-cooled melt, followed by a prescribed heat treatment 

schedule for homogenization, stress relief, enhancement of oxygen content 

and cleaner grain boundaries without “weak links”. Significant improvement 
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in mechanical, electrical and magnetic properties of the melt textured 

samples triggered increased attention towards improving and modifying the 

fabrication techniques, and resulted in the development of several variants of 

the melt processing technique such as Quench powder Melt Growth(QMG) 

[16], Melt Powder Melt Growth(MPMG) [17], Powder Melting Process(PMG) 

[18], Oxygen Controlled Melt Growth process(OCMG) [19], Top seeded melt 

growth(TSMG) [20], etc. Many reports have been published highlighting 

various facets of melt processed materials [11, 20-27].  

 
Fig. 1.4 The pseudo-binary phase diagram of the Y-Ba-Cu-O system, 
showing various phases that occurs in the system. The peritectic formation 
temperature (Tp) of Y-123 is marked [13]. 

Melt growth process [13] was developed by studying the pseudo 

binary phase diagram in Fig.1.4 and exploiting the peritectic decomposition 

of YEBCO. In Melt growth process Y-123 compound is heated above its 

peritectic temperature (Tp) to dissociate it into Y2BaCuO5 (Y-211) and liquid 

phases (BaCuO2 and CuO). The peritectic reaction for YBCO can be written as 

6.532252 OCu2YBa2CuO3BaCuOBaCuOY   

The properitectic mixture thus obtained reacts to produce aligned 

grains of RE-123 when cooled slowly below Tp and maintained there for 

some duration. The value of Tp is around 1008 C for YBCO in air; and 
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increases with increasing atomic volume for REBCO with other rare earths 

[21, 22]. Examples are Tp ~ 1030 C for GdBCO, Tp ~1054 C for SmBCO and 

Tp ~ 1068 C for NdBCO, in air.  

Melt processing a composition that is richer in Yttria leads to excess 

Y-211 in the melt processed material, which appears as inclusions in the Y-

123 matrix. An optical micrograph in Fig. 1.5 illustrates the major 

microstructural features seen in melt processed Y-123. 

 

 
 

Fig. 1.5 Typical microstructure of melt processed Y-123 material. Polarized light 
microscopy reveals two shades of grey due to orientation difference between two 
grains. Y-123 occurs as parallel platelets separated by small gaps within each 
domain. Properitectic Y-211 phase occurs as inclusions within the Y-123 grains. The 
Y-211 inclusions are not uniformly distributed, are rather large and blocky. Also, 
defects such as large pores can be seen. 

1.4.2. Developments of MGP 

REBa2Cu3O6.5 with tetragonal crystal structure is formed after a hold 

of several hours at a temperature below Tp to complete grain growth in melt 

growth process, and thus formed REBa2Cu3O6.5 is not superconducting. 

Prolonged oxygen treatment at a temperature in the range 300 C- 600 C 

increases the oxygen content [11] and shifts the formula to REBa2Cu3O7-ࢾ, 

with orthorhombic crystal structure, rendering the sample superconducting. 

P 

PB 
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Twinning appears in the superconductor matrix to accommodate stresses 

accompanying the transformation [24]. A substantial amount of shrinkage, 

and formation of macroscopic defects in the interior of the samples due to 

liquid phase loss, is typical of the process [28], (see Fig.1.6). A large part of 

the work on melt growth process was aimed at optimizing the 

microstructure of the material so that it supports large current densities. 

Other important requirements for applications are shaping the material in 

required geometries with good mechanical strength and minimal 

macroscopic defects.   

 

 

Fig. 1.6 (a) Shrinkage of a stoichiometric YBCO sample subjected to Melt 
growth process. The figure on left illustrates the starting (before melt 
growth process) size of a pellet (~ 34 mm dia.), and the figure on right is 
that of the resulting product (~ 26.5 mm dia.). The shrinkage caused is ~ 22 
%. Also, distortions in shape can be noticed. (b) Vertical cross-section of a 
melt grown pellet of Y-123. Macroscopic defects such as large hollow 
regions can be seen [28].  

This section summarizes briefly the current understanding of 

microstructural developments in melt grown REBCO materials and compares 

it with that in IG processed materials. A recent review from our group 

summarizes the important aspects [29]. Murakami et al. [25] reported that 

the presence of an optimized amount of fine-sized Y-211 inclusions in the Y-

123 matrix can enhance the Jc of melt processed Y-123 considerably. In the 
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optimized materials, levitation effects were demonstrated to be sufficient to 

lift a person(s) on a platform of magnets floating on melt processed Y-123 

pellets [9, 27].  

The improvement in critical current densities (Jc) in the presence of Y-

211 inclusions is attributed to the formation of secondary defects [25, 26], of 

the size of the coherence length, at the interface between Y-211 inclusions 

and Y-123 matrix. The coherence length in RE-123 is of the order of a few nm 

[23]. The interfacial defects are formed due to thermal expansion mismatch 

between the Y-123 and Y-211 phases. The larger the curvature of the Y-

123/Y-211 interface, the more is the probability of finding such defects. 

Evidence for the occurrence of such defects has been reported from TEM 

studies (Fig. 1.7). 

 

Fig.1.7 TEM micrograph showing secondary defects at the Y-123/Y-211 interface, in 
the matrix of melt processed Y-123.  More defects are seen in regions of larger 
interface curvature [26]. 

The effect of increasing Y-211 content on the microstructure of the 

melt processed Y-123 has been systematically studied [30]. The Y-211 

inclusions in melt processed Y-123 become smaller and more spherical in 

shape with increasing Y-211 content, essentially following the variation in 

size of the Y-211 particles in the properitectic melt (Fig. 1.8). 
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Fig. 1.8 SEM micrographs from Gd-123/Gd-211 pellets quenched from 1100C, after 
a hold of 20 minutes, showing Gd-211 particles in liquid. In samples containing (a) 0 
(b) 10 (c) 20 (d) 30 and (e) 40 mol. % Y-211 added to Y-123, we observe that the Y-
211 particles become finer, denser in distribution and spherical in morphology, with 
increasing Y-211 concentration [31]. 

The melt process results in multigrain samples with large grains of 

RE-123, a few millimeters in size. It is believed that large angle grain 

boundaries in the melt processed material cause a rapid decrease in the 

magnitude of Jc [32]. Seed crystals, one or many, have been used, in different 

configurations to promote controlled single/multi grain growth. If the 

peritectic recombination of Y-211 and liquid phases takes place in the 

presence of a suitably placed seed crystal, the entire material can grow as a 

single grain [33], thus increasing the Jc.  

The major disadvantage in melt growth process is shrinkage, the 

origin of shrinkage and its management through controlling the RE-211 

content, has been studied in Gd-Ba-Cu-O system [28]. Most of the shrinkage 

has been observed to take place during melting of RE-123 pellet to form RE-

211 and liquid phases, and almost no shrinkage occurs during subsequent 

recombination below Tp, to form RE-123. Shrinkage variations, measured 

with respect to the size of the starting pellets, as a function of Gd-211 content 

in melt processed Gd-123/Gd-211 composites, are compared at two stages, 

viz. just after melting, and after complete processing, in Fig. 1.9 [28]. 
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Fig. 1.9 Shrinkage during melt processing: Plots showing experimentally measured 
shrinkage of Gd-123 samples as a function of Gd-211 mol%. Gd-123/Gd-211 pellets 
were prepared by adding systematically increasing amount of Gd-211 powder to 
Gd-123 and compacting the mixture. The x-axis refers to the amount of Y-211 added 
to Y-123, and does not include the Y-211 formed by decomposition of Y-123 at Tp. 
Shrinkage (in %) of the pellets after melting them around 1100C are shown as 
triangles, and the shrinkage after complete melt processing are shown as circles. 
Almost all of the shrinkage takes place at the melting stage, and none at all at the 
subsequent recombination stage [28]. 

1.4.3. Limitations of MGP 

Melt processed RE-123 is always associated with occurrence of 

systematic porosity. Pore distribution in melt processed Gd-Ba-Cu-O samples 

with increasing Y-211 content, is displayed in Fig. 1.10.  

 

Fig. 1.10 Systematically occurring porosity in melt processed samples with different 
Y-211 content. The pores are very large in melt processed stoichiometric Gd-123, 
and the pores decrease sharply in size with just 10 mol% added Y-211[34]. 
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The reasons for such pores were often believed to be the evolution of 

oxygen during melt processing [35]. An alternative explanation for the 

observed pore sizes, and their variation with Y-211 content, is as follows: 

during the texturing stage, the liquids move towards the Y-211 skeleton to 

react and form Y-123. Since the Y-211 skeleton does not melt or get distorted 

during the process. In samples which shrink less during melting due to the 

acicular nature of the Y-211 particles, the liquid phase movement will leave 

back more porosity. This picture is supported by the observation that the 

pore size and its variation with Y-211 content shown in Fig. 1.11, compares 

with the Y-211 size and its variation with Y-211 content in the pro-peritectic 

melt. 

 

Fig. 1.11 A plot showing variation of the average pore size in melt processed Gd-
123, as a function of increasing Gd-211 content [34]. 

1.5 REBCO superconductors fabrication by Infiltration and Growth (IG) 
process 

The Infiltration Growth (IG) process was developed to overcome 

problems associated with melt growth process [36-38]. The IG process offers 

several additional advantages as well, in terms of improved microstructure 

[36-41]. The process uses an assembly as shown in Fig. 1.12. A preform of 
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RE-211 is kept in contact with a source of liquid phases, usually of Y-123, 

BaCuO2 and CuO in a certain proportions. By heating the assembly to a 

temperature 30-40 C above the T୮	of the RE-123 compound involved, the 

liquid phases (BaCuO2 + CuO) are infiltrated into the preform.   

The assembly is then cooled down slowly to a temperature below the 

peritectic temperature	T୮, where the liquid phases react with RE-211 to form 

RE-123 phase, with excess RE-211 left back as inclusions in the RE-123 

matrix. Many minor variations of the arrangement shown in Fig. 1.12 have 

been reported with good success. For instance, liquids have been infiltrated 

from the top or bottom of the preforms with almost equal ease [35, 41]; the 

primary driving force for the infiltration of the liquids being the capillary 

forces. 

 

Fig. 1.12 A typical experimental arrangement used in Infiltration Growth process. A 
source of liquid phases which can either be Y-123 or Y-123+ BaCuO2 + CuO. A 
preform made up of Y-211 powder is kept on top of it. A c-axis oriented Nd-123 seed 
crystal is placed on top of the preform, at the center [29]. 

Different ways of assembling the Y-211 preforms, liquid phase 

sources and seeds, various ways of supporting the assembly during heat 

treatments, and variations in composition of the liquid phase sources [42-47] 

have been reported.    
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The IG process is compared and contrasted with the melt growth 

process in Fig. 1.13. In the melt growth process, schematically described in 

the top row in the Fig. 1.13, RE-123 is molten above its peritectic melting 

temperature to form Y-211 and liquids.  The sample shrinks nearly 13 to 

22% on melting. Subsequently, when the Y-211 and liquids are recombined 

below Tp to form textured Y-123, the shrinkage and distortions generated 

during melting are retained. Macroscopic internal defects can appear in the 

interior of the sample due to liquid phase outflow. On the other hand, in the 

IG process, when the preform of Y-211 is infiltrated by the liquid phases, the 

shrinkage is less than 0.4%. The infiltrated preform is then reacted below Tp 

to from Y-123. Since the skeleton of Y-211 remains intact in shape and size 

during both the liquid infiltration and subsequent reaction to form Y-123, 

there is practically no shrinkage during the process. The Y-211 particles left 

back in the Y-123 matrix are uniformly distributed, fine in size and spherical. 

The systematically occurring porosity in melt processed Y-123 is eliminated 

due to a continuous supply of liquids during the peritectic formation of Y-

123. 

The use of seed crystals to promote single grain growth in IG process 

has been discussed by several authors [48-51]. Hari babu et al. [52] discuss 

replacing Nd-123 by a universal seed crystal in IG processing. They suggest a 

generic seed crystal cleaved from melt processed Nd-123 with 5% to 10% 

Mg substituted for Nd, with a melting point about 20C higher than that of 

Nd-123.  The use of such a seed eliminates the need for hot seeding in the IG 

processing of materials like Sm-123 and Nd-123.   
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Fig. 1.13 A comparison between the Melt growth process and the Infiltration 
growth process [29]. 

Li et al. [53] discuss the importance of choosing an appropriate 

temperature window to promote single grain growth while using a seed 

crystal. They cite the example of IG processing Gd-123 whose Tp is around 

1040 C in air. Nd-123 seed crystals were used. After the infiltration of liquid 

phases at 1060 C, different samples were furnace cooled to different 

temperatures below Tp and were maintained there for 20 hours for Gd-123 

growth, and then furnace cooled. It was observed that more the 

undercooling, faster was the epitaxial growth of the Gd-123 grain. But, at 

temperatures more than 15 C below Tp, multiple nucleation unrelated to the 

seed crystal started taking place in various regions of the sample.  

1.6 Shape forming by IG process 

A major advantage of the IG process is that it allows, by eliminating 

shrinkage, near net shape fabrication of RE-123 products with 
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microstructures that support high current density. This possibility is 

particularly important because the melt processed material is difficult to 

machine. In IG processing, a Y-211 preform of the required shape and size 

might be fabricated using any of conventional ceramic shape forming 

techniques such as uniaxial pressing, isostatic pressing, injection molding, 

slip casting etc.. Liquid phase sources are kept in contact with the preform. 

The assembly is taken through infiltration and texturing stages to produce a 

product that needs almost no further machining. The first 3-D component 

made by IG process [28], a hollow cylinder of Y-123, is shown in Fig. 1.14.  

 

Fig. 1.14 A hollow cylinder of Y-123 fabricated by the Infiltration Growth process 
[28]. 

The IG process has been used to fabricate superconductor foams by 

Reddy and Schmitz [54]. Commercially available rubber sponges with 

various levels of interconnected porosity were dipped in slurry of Y-211 

powder and dried; and the process was repeated several times to build up 

the required thickness for the Y-211 layer.  
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Fig. 1.15 (a) Y-211 foam prepared as a replica from a rubber sponge from Y-211 
slurry, and (b) Y-123 foam derived from the Y-211 foam by the IG process [54]. 

 
The rubber was later burnt away in a controlled fashion. The preform 

thus prepared was processed with suitably placed liquid phase sources and 

seed crystals to fabricate the IG processed Y-123 sponge (see Fig. 1.15). By 

maintaining the texturing temperature above 990 C, multiple nucleations 

could be prevented and single grain Y-123 foam as big as 100mm x 100mm 

could be prepared. Foams have been made out of Dy-123 as well [39].  

Superconductor foams had hitherto not been fabricated out of any material, 

and its development through the IG process can potentially offer interesting 

possibilities, both in science and technology. Fundamental aspects like 

contributions of surface pinning become interesting because the critical 

current densities in the foam will strongly differ from that of bulk specimens 

having similar microstructures.  The porosity allows relatively easy 

oxygenation of large components. The foams can be heated or cooled quickly 

using liquid or gaseous cryogens that percolate their continuous porosity 

with ease. They have been proposed for use in fault current limiters; such 
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devices can be rapidly restored back to the superconducting state after 

temporary disturbances drive them normal. 

Using Y-211 blocks with systematically drilled holes, Y-123 samples 

with systematic array of holes have been created [55], see Fig. 1.16. The 

holes can be used for rapid heat extraction from the material. In addition, the 

holes can be filled with resins or molten metal to reinforce the IG processed 

material.  Such a possibility can be very valuable since flux trapping in the 

superconductor during applications can cause enormous stresses.  

 

Fig. 1.16 (a) A Y-211 preform with an Sm-Y-123 seed at the centre. Arrays of holes 
have been drilled systematically through the preform; (b) IG processed Y-123 with 
an array of holes [55]. 

IG process has been used to fabricate thick films of REBCO 

superconductor [56]. The preform in this case is fabricated out of clothes 

woven out of Y2O3 fibers. By infiltration of suitable liquids and reacting below 

the peritectic formation temperature of Y-211, the fabric is converted into a 

Y-211 fabric, which is subsequently converted to Y-123 through the IG 

process.  
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Fabrication of large single grains of Y-123 by IG process for 

application as trapped field magnets [57-60] has been reported. Most 

applications that require bulk RE-123 may not need materials fabricated in 

very complex shapes. Even while fabricating relatively simple shapes, the IG 

process offers several advantages in terms of improved macro- and 

microstructures.  

1.7  Flux pinning and critical current densities in REBCO superconductors 

The critical current density for YBCO superconductors increases 

systematically, and by several orders of magnitude, with increasing amount 

of Y-211 precipitates in the Y-123 matrix [22, 30]. As discussed in the earlier 

section, as the externally added Y-211 content in melt processed Y-123 is 

increased, the particle size of Y-211 precipitates systematically decreases 

[30]. The reason for the improvement in Jc with increasing Y-211 content is 

believed to be the creation, at the Y-123/Y-211 interface, of a large number 

of nanometer-sized defects, of the order of the coherence length, to serve as 

flux pinning centers [25, 26]. The critical current density supported by melt 

processed Y-123 bulk is reported to increase with increase in surface area of 

Y-211 phase particles [61]. 

Various methods have been attempted in the literature to refine the Y-

211 size in melt processed Y-123: 

I. Addition of Pt and PtO2 has been found to decrease the size of Y-211 

particles and also to change the morphology of the Y-211 to one with 

a very high aspect ratio. This method has been widely used to reduce 

Y-211 precipitate sizes in melt-texturing techniques.[62]  

II. Rapid heating of Y-123 during melt processing, to above the peritectic 

temperature has been found to result in refined Y-211 [63]. 
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III. The addition of heterogeneous nucleation sites in the form of excess 

Y-211or other second phase additions has been found to act as 

nucleation sites for the peritectically produced Y-211, thereby 

decreasing the average Y-211 particle size. For example, Jin et al. [64] 

added aerosol-processed Y-211 particles that initially were 0.2 µm in 

size and, after texturing were 0.7 µm in size, in Y-123 matrix.  

IV. Use of alternative precursors results in the formation of refined Y-211 

particles in the Y-123 matrix. For example, one can begin with Y-211 + 

liquid phase (PMP), (Y203 + liquid) produced as a result of a quench 

process (QMG or MPMG), or well-dispersed Y2O3 + liquid produced by 

a solid-state route (SLMG). [65] 

In addition to Pt and PtO2, CeO2 has also been observed to refine the 

size of Y-211 particles in melt processed Y-123[62, 65-66]. Although, in many 

instances, the additions were made with the hope that they would act as fine 

flux pinning centers, they had the effect of dramatically modifying the 

morphology and size of the Y-211 phase. In Fig. 1.17, reproduced from Kim et 

al. [62], we observe that Y-211 size is substantially refined by the addition of 

ceria. The current density supported by the sample is also considerably 

improved.  

Various alternative methods have also been reported in the literature 

to introduce fine defects of size comparable to the coherence length in melt 

processed materials [67-70]; such attempts have been made with the IG 

processed materials also, but to a lesser extent. Substitution of metallic ions 

in Cu site creating defects in the lattice to pin magnetic flux has been tried; 

the substitution has been observed to lower/broaden the superconducting 

transition temperature [71][70]. Alternative methods such as heavy ion 

irradiation [72] neutron irradiation [73] proton irradiation [74] and even 
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electron irradiation [75] have been tried to create defects; such irradiation 

creates controlled fine defects, both columnar and point defects. Although 

these methods have considerably improved the critical currents at high 

fields, large scale industrial applications are hindered by cost and by possible 

radioactive residues. 

 
Fig. 1.17  (a) In melt processed YBCO wihtout extra Y-211 and without any other 
additives, the size of the Y-211 particles is of the order of few tens of microns, and 
(b) with CeO2 added to the same sample as in (a), the Y-211 grain size is 
considerably reduced (to about 1-2 µm). (c)  Magnetic hysteresis loops obtained at 
50K from the samples in (a) and (b) show that the loop area substantially increases 
with added ceria [62].  

Apart from reducing Y-211 size, many groups across the world have 

tried to introduce nanometer-sized pinning centers in the Y-123 matrix of 

the melt processed material. Nanoparticles of dopants like Y2O3 [68], ZrO2 

[69], BaCeO3 [70], Al2O3 [76] and NiO [77], have been introduced as fine 
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second phase particles in the Y-123 matrix. Y2Ba4CuMOy (M=U, Nb, Ta, Mo, 

W, and Re) [78] nanoparticles have been introduced into the YBCO matrix 

during melt processing and IG processing.  Most often, the expectation has 

been that the particles themselves would serve as pinning centers, but in 

cases like ceria, zirconia, barium cerate etc. reactions with the Y-123/Y-211 

system leading to Y-211 size refinement has been observed.  

Majority of the literature on nanoparticle-doping in YBCO system 

discusses doping during the Melt Growth (MG) process, where nanoparticles 

are added directly to the precursor powder and mixed thoroughly. The 

mixing is done mostly by ball milling, either dry or wet. The green body 

prepared by pressing YBCO containing the dopant, is melted above the 

peritectic temperature of YBCO where it melts into Y2BaCuO5 and liquid 

phases. The mixture is then cooled to below the peritectic temperature to 

regenerate large grains of YBCO with flux pinning precipitates in the 

superconductor body. Due to the corrosive nature of the liquid phases 

involved in the MG process and the fine size of the dopant particles, reactions 

between the matrix and the dopants, and ‘pushing effects’ [79] whereby the 

particles agglomerate, are inevitable. Fig. 1.18 demonstrates the effect of 

nanoparticles being carried along by the liquid phases. In the reports that 

discuss the introduction of nanoparticles during the Infiltration and Growth 

process, the nanoparticles were introduced along with the liquid phases [58]; 

the particles tend to agglomerate while in the liquid phases.  
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Fig. 1.18 Nanoparticles in melt processed YBCO are carried along by the liquid 
phases causing (a) and (b) segregation/agglomeration of nanoparticle and free 
regions [70]. (c) and (d) (from[80] and [81] respectively)shows  track/ bands of 
nanoparticles in the YBCO matrix.  

 

To obtain optimum benefits from nanoparticle doping, especially 

when dealing with large concentrations of additives, it is necessary to 

develop methods that allow uniform distribution of nanoparticles in the 

YBCO matrix, completely eliminating agglomeration. A novel method for 

doing the same is presented in this thesis, which introduces nanoparticles 

into the preform used for IG processing without agglomeration and they 

remain isolated from one another. Furthermore, the particles remain 

anchored to the Y-211 particles in the preform during liquid phase 

infiltration. The fact that the preform in IGP does not melt and flow during 

the process is important in this context.  Apart from better control of the 

microstructure, the procedure also allows more transparency in studying the 

development of the microstructure. 
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IG process offers several advantages (like near net shape fabrication) 

in comparison with the melt growth process as enumerated earlier; however, 

the current densities obtained in IG processed materials have been rather 

low, of the order of 10-70 kA/cm2 [34, 42, 45-48] at zero field. The high field 

performance of these materials has not been appreciable; critical currents 

carried at zero field could hardly be sustained up to 3T.  In comparison, the 

best low field current densities supported by melt grown samples (see Fig 

1.19) are in hundreds of kA/cm2 [82].  

 
Fig 1.19 Jc (B) curves for (Nd0.33Eu0.33Gd0.33)Ba2Cu3O7-ࢾ with 35 mol% fine Gd-
211 (70nm), but various contents of NbO3. Inset illustrates the Jc(B) curves at 
different temperatures for the doping level of 0.1mol% NbO3  [82]. 

Recent experiments in optimizing the IG process through an 

optimization of the pressures under which the Y-211 preform is fabricated 

and through optimized pre-sintering of the Y-211 preform (called Preform 

Optimized IGP, or POIGP), have improved the current carrying capacity of IG 

processed materials to very high fields [36, 83], as evidenced by flat Jc versus 

H curves reported up to 13 T at 65 K. However, the values of Jc(0) obtained in 

IG processed materials are low in comparison with those obtained in the best 
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melt grown samples.  An examination of the literature shows that the melt 

grown samples which show very high current densities are those in which a 

large amount of nano-sized RE-211 particles, along with other minor nano-

dopants like NbO3, are externally added (Fig 1.19).  

Considering the advantages offered by the IG process, it is of interest 

to introduce large amount of nanoparticles into IG processed RE-123 as 

pinning centers. In the present work, we have devised a novel process to 

fabricate preforms wherein the nanoparticles from a uniformly dispersed sol 

are deposited individually on the surface of the Y-211 particles in the 

preform. We refer to that process as Nano Dispersed Sol Casting (NDSC), for 

convenience.  

The NDSC process is of interest because well-dispersed unreacted 

nanoparticles in YBCO can potentially enhance Jc. The process has the further 

advantage that the reactions taking place during Infiltration Growth 

processing among various components of the reaction system in presence of 

nano-dopants, become easier to understand. The introduction of ceria, 

zirconia and BaCeO3 in melt processed Y-123 has been studied widely in 

literature [62, 65, 67-71]. Ceria and Pt are known to refine the size of the 

residual Y-211 particles in the Y-123 matrix after melt growth.  The 

mechanism by which these additives reduce the size of the Y-211 inclusions 

has been of immense interest. Kim et al. [84] have suggested that ceria 

dissolves in the liquid phase containing BaCuO2 and forms BaCeO3. This 

depletes the liquid phases of Ba and thus modifies the interfacial energy 

between the Y-211 particles and liquid phase, thereby restricting the 

coarsening of the Y-211 particles. Vilalta et al. [85] proposed the formation of 

Y2O3 nanoparticles by the interaction of ceria with Y-211 and liquid phases, 



Chapter I 
Introduction 

 

 

25 
 

and that these Y2O3 nanoparticles would act as nucleation sites for the pro-

peritectic Y-211.  

 It is known that the IG process results in substantial refinement in the 

size of the Y-211 inclusions, without the need to add any refining agents [83]. 

The size of the Y-211 inclusions in IG processed materials is of the order of 

one micron, whereas in melt processed materials, the size of the Y-211 

inclusions can be much larger if no refining agents are added. We have 

investigated the question of whether the introduction of nanoparticles of 

ceria, zirconia and BaCeO3 into IG processed Y-123 can cause further 

refinement of the Y-211 inclusions. We have then looked at the reasons why 

such refinement of Y-211 takes place in the system with the addition of ceria, 

but not with the addition of BaCeO3. Since no fresh Y-211 is introduced into 

the system by the melting of Y-123 as in the melt growth process, it is easier 

to track the size reduction of the particles pre-existing in the preform.  

Microstructural observations at various stages during IG process using 

preforms containing isolated ceria nanoparticles, is used to reveal a possible 

mechanism for the refinement of Y-211 particles in the presence of ceria. 

Current densities and their magnetic field dependences are measured for 

samples containing different dopants in varying concentrations. The 

microstructures and current densities supported by the final products are 

studied as a function of the nature of the additives and their concentrations.   

Retention of a favorable distribution of nanoparticles in the Y-123 

matrix is most desirable in a complex-shaped IG-processed product. 

Gelcasting is a generic process used in the manufacture of ceramic products. 

In this process, high-quality complex-shaped ceramic parts are formed by the 

polymerization of uniform slurry containing ceramic powders. The main 

challenge is the preparation of a self-standing slurry with a high loading of 
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the ceramic powders, along with a monomer, cross-linking polymers and 

surfactants. A macromolecular network is created which holds the ceramic 

particles together when the mixture is polymerized. The ceramic part takes 

the shape of the mold in which the slurry is polymerized. The polymer is later 

burnt out in a controlled fashion. Gelcast green bodies have a low polymer 

content (<5%), and complicated binder burnout schedules can be avoided. 

The process does not involve extensive and expensive machinery, thus 

simplifying the overall process and drastically reducing the cost and energy 

requirement.  The compatibility of the process with wide range of mold 

materials and mold types opens up a range of options for shaping: starting 

from simple sand molds to complicated rapid prototyping (RPT) molds have 

been used. Very complex shapes, not possible by other methods, can be 

obtained using RPT. In this work, we have coupled the IG process with the 

gelcasting technique and evolved a process that can be used to fabricate 

complex-shaped components of REBCO with microstructures supporting 

high current densities. The thesis describes the development of 3-D 

components that support high current density. A hollow cylinder is 

fabricated to demonstrate this capability. The microstructural and magnetic 

properties of the gelcast YBCO are investigated. The gelcasting process has 

the important merit that nanoparticles can be introduced into shaped 

components without agglomeration using the NDSC method.   

1.8.  Organization of the Thesis 

The present thesis is organized into six chapters. The contents of the 

chapters are as follows.  

Chapter I gives a brief introduction to REBCO superconductors. It 

describes various techniques such as Melt Growth (MG) process and 
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Infiltration Growth (IG) process used to generate samples of REBCO 

superconductors supporting high current densities.  The advantages offered 

by the IG process in comparison with the MG process, like the possibility of 

near net shape processing allowed by the former, of improved Y-211 

morphology and distribution, etc. are brought out. The current densities 

obtained in the best MG and IG processed samples, and the process 

modifications used to obtain the same are discussed.  It is demonstrated that, 

though the IG process has been used successfully in obtaining a variety of 

complex-shaped components which can prove very valuable in practice, the 

JC in these materials is considerably lower than those obtained in melt 

processed samples. It is brought out from a study of the literature that 

substantially high current density is obtained only in those melt processed 

samples in which nanometer-sized pinning centers have been introduced. 

The objectives of the present work are discussed in the chapter. They 

are to introduce nanoparticles of various materials into IG processed YBCO 

through NDSC process that allows their introduction without agglomeration. 

The samples are studied at various stages of processing. Microstructural and 

magnetic properties of samples are measured and discussed in comparison 

with the reports in the literature. Among the objectives of the thesis is the 

possibility of extending the NDSC process to the fabrication of relatively 

complex shapes through gelcasting. 

Chapter II discusses the experimental techniques used in this work. 

These include the preparation of fine precursor powders of the required 

phases of the Y-Ba-Cu-O system through the citrate gel technique, and their 

characterization..  

The IG processed samples are characterized by a study of their 

microstructural, electrical and magnetic properties. A homemade dc 
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electrical resistivity set up and ac susceptometer are used for the initial 

characterization. Microstructures of metallographically polished samples are 

studied using an optical microscope and a Field Emission Scanning Electron 

Microscope. Magnetic properties of the materials are studied using a Physical 

Property Measurement System,(PPMS), of Quantum Design-make.  

The gelcasting technique is discussed along with a brief description of 

the techniques used for characterizing the powders and the slurry used for 

gelcasting. BET technique used for powder surface area measurements and 

zeta potential measurements to help develop stable suspensions are 

discussed. 

Chapter III discusses preparation of nanoparticles of CeO2, ZrO2 and 

BaCeO3 with a very narrow size distribution of around 30 nm through 

chemical route. The preparation of uniform, self standing slurries of Y-211 

powder along with nano-sized powders of different materials (CeO2, ZrO2 

and BaCeO3) in an aqueous medium is discussed. Slurries with uniformly 

distributed nanoparticles form the starting material for the fabrication of 

preforms to be used in the IG process. YBCO superconducting composites are 

fabricated through IG process containing various amounts of the dopants. 

Microstructural observations using optical microscopy and Field Emission 

Scanning Electron microscopy allowed study of the distribution of various 

phases available in the IG processed samples. Energy Dispersive 

Spectroscopy (EDS) / Wavelength Dispersive Spectroscopy (WDS) studies on 

the YBCO composite were used for the identification of different phases in 

the microstructure.  A detailed report on microstructural features such as 

pores, cracks, platelet gaps and characteristics of Y-211 inclusions (such as 

concentration, size, morphology and distribution) are presented in the thesis.  

Nanoparticle precipitates occurring in the Y-123 matrix are discussed. Twins 
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occurring in the matrix are also discussed. Samples at intermediate stages of 

processing are examined to (i) demonstrate that the NDSC process does 

indeed deposit nanoparticles on the Y-211 grains in the preforms without 

agglomeration and individually, and (ii) to understand the evolution of the 

final microstructures. The results are discussed in comparison with those 

from the literature on melt processed samples containing similar dopants. 

Mechanisms are proposed for the observed refinement / lack of refinement 

of Y-211 inclusions in the samples with various dopants at different 

concentrations.  

Chapter IV details an investigation of the samples using dc electrical 

conductivity measurements and ac magnetic susceptibility measurements is 

presented. The current densities supported by the samples are estimated as 

function of applied magnetic field from dc magnetization measurements. The 

Jc versus H behavior of the samples is discussed in the light of the observed 

microstructures. The sample containing 10 wt. % CeO2 showed a flat 

response in Jc to 9 Tesla. The Jc versus H behavior of the sample was 

examined in comparison with flux penetration into the sample measured at 

various applied dc magnetic fields using ac susceptibility measurement as a 

probe, and the results are discussed.   

Chapter V initially discusses the gelcasting and rapid prototyping 

techniques as applied to ceramic materials such as alumina. Then it discusses 

the development of stable aqueous slurries Y-211 with sufficient solid 

loading for gelcasting. Aqueous slurries are preferred since Y-211 does not 

decompose in water as does Y-123 [86]. The slurries of Y-211 thus prepared 

are used to fabricate Y-211 preforms for use in Infiltration Growth 

processing. As a typical example, the fabrication of a hollow cylinder of YBCO 

with a microstructure similar to that of an IG processed material is discussed.  
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A specimen from the cylinder is characterized by dc magnetic studies to 

assess the field dependence of Jc , and the observations are correlated to the 

observed microstructural features.  

 Chapter VI summarizes the results obtained from different 

measurements and discusses the various conclusions drawn from the work 

presented in the thesis.  
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Chapter-II  

Experimental Techniques 
 

This chapter presents sample preparation and characterization 

techniques used in the present work.  

2.1. Preparation and characterization of precursor powders 

2.1.1. Citrate synthesis method 

The YBa2Cu3O7 (Y-123) and Y2BaCuO5 (Y-211) powders were 

synthesized following a chemical route employing citrate precursors [1, 2]. 

The citrate synthesis route was chosen because of expected fine particle size 

and better homogeneity in the final product as compared to the solid state 

route [3, 4].                                                                                                                

Y-123 and Y-211 powders were prepared from Yttrium Oxide (Y2O3) 

of Indian Rare Earth-make (purity -99.9 %),   Barium Carbonate (BaCO3) and 

Copper Oxide (CuO) of E-merck make, and both of them of 99.99 % purity. 

They were weighed out in stoichiometric ratios and were dissolved in nitric 

acid to make corresponding nitrates as shown below: 

YଶOଷ + 6	HNOଷ 					 	→ 				2	Y(NOଷ)ଷ + 	3HଶO        ………. (2.1) 

BaCOଷ + 2	HNOଷ 		→ 				Ba(NOଷ)ଶ + 	HଶO + COଶ ↑  ………. (2.2) 

CuO + 2	HNOଷ 							→ 				Cu(NOଷ)ଶ + 	HଶO         ………. (2.3) 
Requisite amount of citric acid was added to the nitrate precursor 

solution along with a small amount of chelating agent ‘Ethylene glycol’. The 

pH of the solution was adjusted to 8 by adding appropriate amounts of 

ammonia (NH4OH). A gel was formed by evaporating the clear solution which 
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was heated to about 250 oC. Spontaneous combustion of the gel then 

generated a voluminous material.  

Submicron-sized powders thus obtained were heated for 12 hours at 

900 oC and 950 oC to form Y-123 and Y-211 compounds respectively. 

Formation of the correct phase was confirmed by X-ray diffraction. The 

particle size of the Y-211 thus obtained was observed using a Scanning 

Electron Microscope (SEM) after dispersing them in ethanol medium. The 

particles were observed to be in the size range of 1-2 m as shown in Fig. 2.1.   

 
Fig.2.1. A scanning electron micrograph obtained from sintered Y-211 powder 
used in the present experiments is shown. The micrograph shows that the size of 
the Y-211 particles is around 1-2 m. 

2.1.2. Furnaces used  

In the present work, two different furnaces were employed, one for 

sintering the precursor powders of Y-123 and Y-211, and also for the 

Infiltration Growth (IG) process. The second was used for oxygenating the IG 

processed samples. Both the furnaces were home-made and had tubular 

muffles made of re-crystallized alumina (Al2O3). Kanthal APM wires were 

used as heating elements. Chromel–Alumel thermocouples were used for 
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temperature measurements. Eurotherm-make temperature controllers 

(model 2404) and thyristors (model TE10A) were used for controlling the 

temperature in the furnaces to an accuracy of ± 1 oC. In the case of 

oxygenation furnace, a long quartz muffle of length ~ 100 cm was introduced 

into the alumina muffle. The quartz muffle of the furnace after loading with 

the samples was sealed with rubber cork and plaster of Paris cloth and 

further sealed with Teflon tapes. A schematic picture of the furnace along 

with the temperature controller and thyristor are shown in Fig. 2.2. The 

samples were heated in oxygen atmosphere at 460 oC for 100 hours. The 

temperature in the furnace was controlled by a temperature controller and 

thyristor of West-make. During the oxygenation process, the Y-123 phase 

undergoes a transformation from tetragonal state to orthorhombic state . 

 
Fig. 2.2. A schematic diagram of the furnace used. 

The heat profiles obtained by measuring the temperature as a 

function of length in the muffles of the furnaces are shown in Figs. 2.3 (a) and 

(b). 
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Fig. 2.3. The heat profiles showing the temperature distribution obtained along the 
length of the muffle in tubular furnaces used for (a) sintering / IGP and (b) 
oxygenation. 

2.1.3. X-ray Diffractograms of sintered Y-123  

When a parallel monochromatic beam of X-rays of approximately 0.1 

nm wavelength strikes a crystal, the crystal acts as a three-dimensional 

diffraction grating and produces an X-ray diffraction pattern. This diffraction 

pattern comprises of a three dimensional array of reflections which satisfy 

the condition of Bragg’s law: 

2d	sinθ = nλ ………. (2.4) 

where ‘n’ represents the order of diffraction, λ represents the wave-

length of the X-rays, ‘d’ is the perpendicular distance between a set of parallel 

lattice planes and ‘θ’ is the angle between the incident X-ray beam and the 

corresponding atomic lattice planes in the crystal .  

The reflection angle for a particular set of lattice planes (hkl) is  

2θ = 2 sinିଵ ቀ ஛
ଶୢ౞ౡౢ

ቁ ………. (2.5) 
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where (hkl) are Miller indices defining the orientation of the plane with 

respect to the crystallographic axes. In general, the powder X-ray diffraction 

pattern is a set of first order reflections in which the lattice spacing and 

relative intensities are unique from each crystalline substance.  

X-ray diffractograms were recorded on the sintered powders of Y-123 

and Y-211 to confirm their phase formation. Copper Kα radiation with 

wavelength (λ) of 1.5414 Å was used. An X-ray diffractometer of Phillips-

make was used for this purpose. Indexed pattern obtained for YBa2Cu3O6.5 is 

shown in Fig. 2.4. 

 
Fig.2.4. X-ray diffractogram obtained from sintered powders of YBa2Cu3O6.5. 

The pattern could be indexed to a tetragonal unit cell (JCPDS file no 88-
2462). 

2.2. Infiltration and Growth Processing of YBCO superconductors  

In Chapter I, the Infiltration Growth (IG) process and its 

characteristics have been reviewed. In this section, we discuss the 

experimental steps involved in carrying out the IG process. We have followed 
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the optimized process steps evolved and reported elsewhere . The first step 

is the fabrication of an appropriate preform.  

In order to fabricate the preforms, sintered powders of Y-123 and Y-

211 were compacted into pellets of dimensions of 16 mm X 16 mm X ~ 15 

mm and 16 mm X 16 mm X ~ 8 mm respectively by applying uniaxial 

pressure. For this purpose, a hydraulic press was used. The preforms were 

made at an optimum compaction pressure of 460 MPa. The preparation of 

sample assembly for IG process is illustrated in Figs. 2.5 (a), (b) and (c). 

 
Fig.2.5. (a) Photographs of pellets of Y-123 (black in color) and Y-211 (green in 
color) are fabricated under pressure of 460 MPa. (b) Y-123 and Y-211 pellets are 
arranged for IG process. The schematic picture in (c) shows the sample assembly 
used in the IG process. The liquid phase source and preform pellets are supported 
on a layer of Y2O3 which in turn are supported on YSZ and alumina layers.  

The Y-211 preform is supported on thin layers of Y2O3, Yttria-

Stabilized Zirconia (YSZ) and alumina (Al2O3) to minimize the outflow of 

liquid phases during heat treatment. The presence of Y2O3 and YSZ layers 

also helps in avoiding contamination of the sample by alumina at elevated 

temperatures. Y-123 pellet, which is the source of liquid phases, is placed 

above the Y-211 preform. Nd-123 seeds fabricated following a procedure 

reported by Hari Babu et al.  were used to promote textured growth of Y-123 

during IG process.  
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The sample assembly arranged as described above is heat-treated in a 

tubular furnace, which has a uniform hot-zone of ~ 60 mm. It is heated to 

950 oC at a rate of 150 oC per hour, followed by a 4 hour dwell at that 

temperature for sintering the preform . The temperature is then ramped to 

1100 oC and maintained there for 1 hour to ensure sufficient infiltration of 

liquid phases into the Y-211 preform. The samples are then quickly cooled to 

1010 oC, and then cooled very slowly (at 0.5 oC per hour) through the 

peritectic formation temperature of Y-123 (Tp~1008 oC) to 980 oC. They are 

maintained there for 48 hours to ensure complete grain growth of Y-123, and 

are then furnace-cooled to room temperature. The heat treatment schedule 

followed is shown in Fig. 2.6. The IG processed samples prepared as above 

were characterized as discussed below. 

 
Fig.2.6. Time–Temperature profile followed for the fabrication of YBCO bulk 
superconductors by Infiltration Growth (IG) process. 

2.3. Microstructural characterization 

In order to prepare specimens for microstructural characterization, 

the samples were sliced into thin sections using a low speed diamond saw 

(model Isomet 1000, Buehler-make). The specimens extracted from the 

samples were mounted in bakelite and ground on silicon carbide papers 
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(600, 800, 1000 and 1200 grits) to a flat surface. They were further polished 

on polishing cloth on the rotating wheel of a Buehler polishing machine, 

using different grades (6, 3, 1, 0.25 μm) of diamond paste as grinding media. 

Kerosene was used as a lubricant during polishing. The surface was cleaned 

after every stage of polishing. Polishing time at each stage ranged from 2 to 

30 minutes with silicon carbide paper and 0.5-2 hours with diamond paste. 

The polished surface of the sample was then cleaned with methanol and 

dried in hot air. In the present study, no etching was done to the polished 

surface of the samples. The micrographs thus obtained were characterized 

for various microstructural parameters using quantitative metallographic 

methods as explained below.  

2.4. Field Emission Scanning Electron Microscopy (FE-SEM) 

The Scanning Electron Microscope (SEM) employs a high-energy (in 

keV) electron beam and helps in imaging the topography of the sample 

surface by operating in a raster scan mode . In the case of a Field Emission 

Scanning Electron Microscope (FE-SEM), a field-emission cathode in the 

electron gun of a SEM provides narrower probing beams at low as well as 

high electron energy, resulting in both improved spatial resolution and 

minimized sample charging and damage. The electrons, when they interact 

with the atoms of the sample, produce secondary electrons, back-scattered 

electrons, transmitted electrons, characteristic X-rays etc.. A typical 

schematic sketch representing the above mentioned processes are shown in 

Fig. 2.7(a). Separate detectors are present to pick up the information from 

each of these processes (see Fig. 2.7(b)).  

The secondary electron imaging can produce very high-resolution 

images of a sample surface, revealing details even in the size range 10 - 100 
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nm. Due to the very narrow electron beam, SEM micrographs have a large 

depth of field yielding a characteristic three-dimensional appearance useful 

for understanding the surface structure of a sample. Back-scattered electrons 

(BSE) are beam electrons that are reflected from the sample by elastic 

scattering. BSE are often used along with the spectra made from the 

characteristic X-rays. Since the intensity of the BSE signal is strongly related 

to the atomic number (Z) of the specimen, BSE images can provide 

information about the distribution of different elements in the sample. It also 

provides information about different phases present in the sample based on 

the variations in reflectivity. 

 
(a)          (b) 

Fig.2.7. (a) A schematic picture showing generation of various radiations when a 
high energy electron beam gets incident on a material (b) A schematic picture 
showing emission of electron beam and presence of various detectors in a Scanning 
Electron Microscope (SEM). 

Electron beam of very high energies are employed in order to 

visualize the sub-surface structures while low energy BSE detection is quite 

useful for high resolution investigation of critical/charging specimens. This is 

met through a new In-lens BSE detection system. In order to reduce 

aberrations and sensitivity to interfering stray-fields the electron optical 
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column is equipped with a positively biased booster that shifts the energy of 

the primary electrons. The incident beam is focused by a combination of a 

magnetic lens with an axial gap that avoids field leakage to the specimen and 

an electrostatic retarding together with the grounded pole piece cap. Shortly 

before the electrons hit the specimen they are decelerated down to the 

desired primary energy. A suitable explanation for the reduction of spherical 

and chromatic aberrations is that the electron beam is focused by the 

objective lens at higher energies and smaller electron beam diameters. 

Another advantageous effect of this arrangement is the collection of 

secondary electrons emerging from the sample surface attracted and 

accelerated by the positively biased electrode of the beam booster and finally 

projected onto the In-lens detector.  

Characteristic X-rays are emitted when the electron beam removes an 

inner shell electron from the sample, causing a higher energy electron to fill 

the shell and release energy. These characteristic X-rays are used to identify 

the composition and measure the abundance of elements in the sample.  

In the Present work, a Field Emission Scanning Electron Microscope 

(model Ultra 55, Carl Zeiss-make) was employed for obtaining the 

micrographs. The working distance for most of the cases was in the range 4 - 

10 mm. The charging effects of the electron beam on the sample were 

bypassed by either gold coatings or by creating a silver paint / strip channel 

from the holder to the sample. FE-SEM with Energy Dispersive Spectrometry 

(EDS) and Wavelength Dispersive Spectrometry (WDS) attachments was 

employed in the present study. WDS can detect the presence of elements to a 

greater accuracy compared to EDS.  
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2.5. Gelcasting technique 

Gelcasting is a novel process of consolidating powders of metal and 

ceramics into complex shaped articles. Gelcasting technique was first 

developed by Omatete et al. -12] in Oakridge National Research Laboratory 

(ONRL) in 1991. In this process, slurry made up of ceramic powder in an 

aqueous or non-aqueous media along with organic monomers and dispersant 

is cast into a mold and polymerized to form a wet gelled part. The gelled part 

is then dried under humidity controlled atmosphere to avoid crack formation 

and sintered to final density. The flow chart of the process is given in Fig. 2.8. 

 
Fig.2.8 Flow chart representing various steps involved in gelcasting process. 

Gelcasting involves preparation of slurries with very high solid 

content (40-60 vol. %) and casting them into molds. To attain high solid 

content it is necessary to understand the effect of size and morphology of 

particles on stability and flow behavior of the slurry. Selection of proper 

dispersant is also very important; dispersants attach to the surface of the 

particles and prevent them from being agglomerated through electrostatic, 

steric or electro-steric stabilization.  
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2.5.1. Characterization of powders 

The particles need to have spherical morphology in order to prevent 

interlocking while tumbling and casting and preferably of single particle size 

distribution.  If the surface area is large i.e. for finer particles more of 

dispersant will be required; too large a quantity of dispersant can lead to 

coagulation instead of dispersion of particles and will also complicate the 

debinding process. For small surface area i.e. for larger and heavier particles, 

electrostatic or electro-steric repulsion need to compete with the 

gravitational force in order to keep them from settling down. Hence the 

surface area and the charge on them plays vital role in deciding the optimal 

size of the particles to be used.   

2.5.1.1. BET surface area measurements 

Nitrogen physisorption is useful in the determination of specific 

surface area and pore volume in microporous (< 2 nm) and mesoporous (2-

50 nm) materials. When a vapor of a condensable gas (e.g. N2 or He) is 

brought in contact with porous media at constant temperature, several 

mechanisms of adsorption occur successively on the surface of the pore, as 

the relative pressure (say, N2) increases from zero to unity. 

During adsorption, the amount of gas needed to form a monolayer or 

to fill the pores in various sizes can be measured as a function of gas pressure 

and such a plot is referred to as gas adsorption isotherm. The type of 

adsorption isotherm is mainly determined by the pore size and the pore 

uniformity. The BET method (Brunauer-Emmet-Teller)  is then used to 

determine the surface area of the material by using the following equation. 

As = (Vm/22414) Na   ………. (2.6) 
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where Vm is the monolayer nitrogen volume, Na is Avogadro number and  is 

cross sectional area of one nitrogen molecule (0.162 nm2). The adsorption at 

p/p0 value of 0.3 forms a monolayer and at this partial pressure, the specific 

surface area can be calculated from the volume of adsorbed nitrogen.  

 
Fig. 2.9 Quantumchrom made BET surface area measurement system.  

 Zeta potential 

The electrical potential that exists at the boundary of slipping plane, a 

plane between dispersion media and a stationary layer of fluid attached to 

the particles, in a colloidal solution is known as zeta potential  see Fig. 2.10. 

Zeta potential determines the stability of the particles in a colloidal solution. 

Zeta potential is affected by the pH of the colloidal solution. Zeta potential 

versus pH curve will determine the optimal pH at which the zeta potential is 

more and aid in stability to the suspension of colloidal particles.  
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Fig. 2.10 Schematic illustration of zeta potential and slipping plane. 

A typical zeta potential versus pH plot is given in Fig. 2.11, the zeta 

potential value gradually changes from either positive maximum to a 

negative maximum through zero or vice versa. The point where zeta 

potential vanishes is called isoelectric point. At isoelectric point, no charge is 

present on the particles hence they can easily coagulate and settle down. To 

obtain well dispersed slurry/colloidal solution one need to know the 

isoelectric point and the maximum zeta potential values so that pH of the 

slurry/colloids can be adjusted to keep them from settling down.  

The Laser Doppler Velocimetry (LDV) technique is used to measure 

the zeta potential on the powder particles. LDV technique is well known in 

fluid dynamics where the velocity of the particles in the fluid is measured. 

The powder particles are dispersed in fluid media and an electric field is 

applied across the media containing powder particles. The powder particles 

start moving under the influence of the electric field and a laser beam is 

shined on the moving powder particles. The laser beam scattered from the 
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moving particles is combined with the reference beam to get a fluctuating 

signal where the rate of fluctuation is proportional to the speed of the 

particles and the fluctuating signal is analyzed with a digital signal processor 

to obtain the zeta potential from the calculated velocity of the particles.   

 

   
Fig.2.11 A plot indicating variation of zeta potential with respect to pH. The pH 
value at which zeta potential vanishes is called isoelectric point. In order to attain 
uniform and well dispersed suspension, pH of the solution should be away from 
isoelectric point. 

2.5.2. Dispersant optimization  

As described in previous section the dispersant plays a crucial role in 

attaining high solid loading in the slurry. In order to optimize dispersants 

preliminary test such as flow point and sedimentation tests were carried out.   

2.5.2.1. Flow point measurement  

Flow point determines the amount of dispersant required for a given 

powder particle system to flow in minimum amount of dispersing media . At 

first, various amounts (0.5-1.5 wt. % of the powder) of dispersant are mixed 

with the powder and then dispersing medium is added drop wise. The point 
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where the entire powder starts to flow i.e. a sharp transition from wet 

powder to flowing mass is known as flow point. Such a sharp transition 

indicates that the particles are separated by a fine layer of dispersing 

medium. If a gradual transition takes place, then the dispersant is not 

effective in keeping the particles separate. This measurement also helps to 

determine the amount of dispersing medium and the dispersant required.   

2.5.2.2. Sedimentation test 

Sedimentation test described by Janney et al.  was carried out in the 

present study to identify the appropriate dispersant and its ability to 

disperse the particles in the slurry for a long durations. The dispersant found 

to be best in flow point test were mixed thoroughly with the ceramic powder 

in a tumbling mill for 12 hours and kept in transparent tubes for a relatively 

long duration and were monitored. The best dispersant is the one which can 

keep the particles dispersed for a long time i.e. for more than 12 hours and 

when the slurry  starts settling it should separate into a compact mass with a 

clear solution.       

2.5.2.3. Viscosity measurement 

The crux of gelcasting process lies in preparing low viscous slurries 

with high solid content (~40-60 vol. %). Flow point measurement and 

sedimentation test can give an approximate estimation of the dispersant. But 

the true measure of flow behavior of the slurries is obtained from their 

viscosity.   

The viscosity of the slurries is measured using a rotational viscometer 

(Soft Solid Tester of Brook field-make).  Rotational viscometer  operates on 

the principle of measuring the rate of rotation of a solid shape in a viscous 

medium upon application of a known force or torque required to rotate the 
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solid shape at a definite angular velocity. Although rotational viscometers are 

more elaborate than the capillary type during operation and often less 

accurate for Newtonian liquids, they have several advantages that make them 

attractive particularly to study the flow properties of non-Newtonian 

materials. Some of the advantages are: measurements under steady state 

conditions, multiple measurements with the same sample at different shear 

rates, continuous measurement on materials whose properties may vary as a 

function of temperature and that small or no variation occurs in the rate of 

shear within the sample during a measurement.  

A number of rotational viscometers with different designs are 

available commercially. These viscometers can be classified into three 

general categories based on their design configuration. 

1. Coaxial-Cylinder Viscometer 

2. Cone and Plate Viscometer 

3. Coni-Cylinder Viscometer 

In the present study Coaxial-Cylinder Viscometer (Soft Solid Tester of 

Brook field-make) was used. The basic principle of a Coaxial-Cylinder 

Viscometer is discussed in brief and the schematic is shown in Fig. 2.12. 

 It consists of an inner cylinder (which is also called a bob) of radius 

R1 and height h, and an outer cylinder or cup of radius R2. The inner cylinder 

is stationary. The outer cylinder that contains the test sample is rotated at a 

constant speed (Ω rad/sec). The resultant torque (T dyne cm) is measured by 

the angular deflection of the inner cylinder that is suspended by a fine wire. 

The velocity of the outer cylinder can be varied to obtain the data on the 

change in viscosity of the fluid with the shear rate. 
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Fig.2.12 A schematic of the Coaxial-Cylinder Viscometer. 

The dynamic viscosity (η) of fluid may be obtained from the following 

expression. 

T = ସ஠ୖభమୖమమ୦஗ஐ
ୖమమିୖభమ

= CηΩ                     ………. (2.7) 

where C is a constant specific to the instrument.  

Eq. 2.7 actually provides the torque exerted by the liquid on the 

curved surface of the inner cylinder and suggests that the viscosity is directly 

proportional to the ratio of torque to angular velocity.  

2.5.3. Binder removal 

Gelled parts in gelcasting process after the polymerization is over, 

contains nearly 50 vol. % of solvent with a freshly formed network of 

polymers. Sudden removal of solvent from the gelled part can crumble the 
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weak gelled parts. In order to avoid the crumbling of the gelled parts, the 

solvent needs to be removed in a controlled manner. 

2.5.3.1. Controlled subcritical drying 

Sub-critical drying process is adopted to dry the gelled parts where 

drying is done under humidity controlled atmosphere. Initial humidity was 

kept very high (~95 %) and the temperature was around 50 oC in order to 

cause a slow evaporation of solvent from the gelled parts and gradually 

decreasing the humidity with increasing temperature. The whole drying 

process can take ~ 70-100 hours to completely remove the solvent from the 

gelled part.    

2.5.3.2. Thermogravimetric Analysis (TGA) 

Gelcast green parts, after the removal of solvent, contain lesser 

amount of binders (~5 wt. %) when compared to other ceramic processing 

techniques. These binders are removed either by dissolving them in a 

suitable solvent (mostly organic solvents) or by thermal debinding process. 

Thermal debinding process is more convenient for large scale production 

and to some extent eco-friendly, if done carefully after studying the 

decomposition processes and the final products after decomposition of the 

various organics in the binder system. Most of the organics used in the 

present study can decompose into CO2 and NO2 during debinding stage.  

TGA  was used to study the decomposition of various components of 

organic binders system. Fig.2.13 provides a schematic of TGA set up.  In TGA, 

sample is heated at certain heating rate and the change in the weight of the 

sample is measured using a highly sensitive balance.  
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Fig 2.13 A schematic of TGA set up used for the analysis of the binder removal in 
gelcast green part. 

2.6. Electrical resistivity measurement 

The temperature dependence of dc electrical resistivity (ρ) was 

obtained by employing four probe technique  to determine the critical 

temperature (Tc) and transition widths (ΔTc) of the samples under study.  A 

sample holder assembly was fabricated to measure electrical resistance as a 

function of temperature. A programmable constant current source (model 

224, Keithley make) was used to send a constant dc current through the 

sample and a nano-voltmeter (model 181, Keithley make) was used to 

measure the voltage drop across the sample. Temperature of the sample was 

measured by placing a Platinum sensor (PT-100) in the close vicinity of the 

sample. The temperature of the sample was measured and controlled using a 

cryogenic temperature controller (model DRC-93C, Lakeshore make) with 

heater attachment. The temperature controller can measure temperature 

with an accuracy of 10 mK.   

A schematic sketch showing the connections made is presented in Fig. 

2.14. Typical sample puck and sample holders made for this purpose are 

shown in Fig. 2.15.  
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Fig. 2.14. Block diagram for measuring dc electrical resistivity. 

 

Fig.2.15. The sample holder fabricated for measuring electrical resistance of 
superconductors is shown. The sample puck and the heater cavity made can 
also be seen in the figure.   

In order to avoid thermal effect contributions, current at every 

temperature was reversed during the measurement for thermo-emf 

corrections.  

Resistance (R) = ௏
శ	ି	௏ష

ூశି	ூష
  = 	 ௏

శ	ି	௏ష

ଶூ
 ………. (2.8) 

where 

V+ :  voltage obtained when positive current (ܫା) is sent through the sample 
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V- :  voltage obtained when negative current (ିܫ) is sent through the sample 

I   :  current flowing in the sample 

The thermo-emf corrections are made by reversing the current flow 

through the sample and by measuring the voltage drop across the leads. The 

difference of V+ and V- gives the information on the resistance of the sample.    

V+ = VS + VTh      ………. (2.9) 

V- = - VS + VTh      ………. (2.10) 

V+ - V- = VS + VTh – ( -VS+ VTh ) = 2 VS   ………. (2.11) 

R =  ୚
శ	ି	୚ష

ଶ୍
 =  ୚౏

୍
     ………. (2.12) 

where VS is the voltage drop across the sample and VTh is the thermo-emf 

voltage developed due to passage of current (heating effects). 

2.7. Magnetic characterization 

2.7.1. ac susceptibility measurements 

A block diagram of the set up used for measuring susceptibility as a 

function of temperature of a sample is shown in Fig. 2.16.  

In the ac magnetic measurements, a small ac drive magnetic field is 

applied causing a time-dependent moment in the sample. The field of the 

time-dependent moment induces a current in the pickup coils, allowing 

measurement without the sample motion. The detection circuitry is 

configured to detect only in a narrow frequency band, normally at the 

fundamental frequency (that of the ac drive field).  
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Fig. 2.16. Block diagram for ac susceptibility measurement. 

If the applied ac voltage is H = 	H୭cos	ωt, where ω is the angular 

frequency (=2πf), the resulting magnetization amounts to 

M = H୭(χᇱcosωt + 	χᇱᇱsinωt) ………. (2.13) 

where ߯ᇱ and ߯ᇱᇱ represent the real and imaginary components of the 

fundamental ac susceptibility. 

The fundamental principle on which this measurement works is based 

on the mutual induction (Faraday’s law) 

∇	X	E = 	− ப۰
ப୲

 ………. (2.14) 

Basically the assembly comprises of a mutual inductance coil 

assembly with two secondary coils co-axially mounted in a primary solenoid. 

The two secondary coils are identical and are connected in opposition in 

order to cancel the voltages induced by the ac field itself. A constant current 
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source is employed to drive an ac current in the primary solenoid. The field 

produced by a current with r.m.s. value ‘Irms ’ in a solenoid is given by  

H୰୫ୱ = 	ஜ౥୒౦୍౨ౣ౩

୐౦
 ………. (2.15) 

where Np is the number of turns in the primary coil, Lp is the length of the 

primary coil (in cm) and Irms is the root mean square (rms) value of the ac 

current through the primary coil. The field amplitude Hac (in Oe) is 2 Hrms. 

If the secondary coils are ideally made i.e. both the coils are made 

under similar conditions (number of turns, diameter, etc.), no voltage will be 

detected by the lock-in amplifier when the coil assembly is empty. But, in 

practice, the net output from the secondary coils is often non-zero and is 

temperature dependent. This is eliminated by measuring and subtracting the 

back ground voltage from the signal measured after introducing the sample 

in similar conditions. Additionally, there is a need to correct the extraneous 

phase shifts arising from various sources in the setup. This is done by shifting 

the phase of the references so as to obtain χ’’ = 0 well above Tc as well as well 

below Tc.  

When the induced voltages in the secondary is sensed at the input of 

the dual phase lock-in amplifier, it gives out a signal in the form of dc 

voltages ߳௥  and ߳௜  proportional to the real and imaginary parts of M that are 

in in-phase and out-of phase, respectively, with respect to the reference 

signal which is in-phase with the applied field H.  

From the measured ߳௥  and߳௜ , the real and imaginary components of 

the ac susceptibility ߯ᇱ and ߯ᇱᇱ are determined using the formulae shown in 

Eq. 2.18 to Eq. 2.19. 
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χ୰ = 	 ஫౨
஑னΑ୒ஜ౥ୌౣ(ଵିୈ)

 ………. (2.16) 

χ୧ = 	 ஫౟
஑னΑ୒ஜ౥ୌౣ(ଵିୈ)

 ………. (2.17) 

Here N is the number of turns in the secondary across the sample, Hm 

is the amplitude of the applied ac field, A is the area of the cross-section of 

the sample, D is the demagnetization factor and α is the filling factor . The 

absolute values of the ac susceptibility for non-zero demagnetization D 

values are calculated using the expressions given by Murphy et al. . 

χᇱ = 	 ஧౨ି	ୈ(஧౨మା஧౟
మ)

(ଵି஧౨ୈ)మା	ୈమ஧౟
మ ………. (2.18) 

χᇱᇱ = 	 ஧౟
(ଵି஧౨ୈ)మା	ୈమ஧౟

మ ………. (2.19) 

Following this procedure, the temperature variations of χ’ and χ’’ are 

obtained from the measured temperature dependence of ߳௥  and ߳௜ .  

2.7.2. M-H hysteresis loops and critical current density measurements 

2.7.2.1. Bean’s model 

The critical current density ‘Jc’ in type-II superconductors can be 

estimated by analyzing the magnetization using critical state model proposed 

by Bean . The model assumes that the penetrated super-currents flow with a 

density equal to the Jc independent of the local internal field and the flux 

vortex array is stable and there is no flux creep and the lower critical field is 

zero. If this magnitude of the current flows everywhere in the specimen, it is 

in the critical state.  
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The process of magnetization of a slab of thickness 2ܽ in a field 

parallel to its surface is shown in Fig. 2.17, when the current density is 

independent of the external field.  

 
Fig. 2.17. Magnetization process of thin slab of thickness 2a in a field 
parallel to the surface. 

The field within the specimen decreases linearly with the distance, if 

the material is in the critical state. The Maxwell’s equation is 

√B	 = μ୭Jୡ ………. (2.20) 

where Jc is the critical current density in Am-2, B is the magnetic induction in 

Tesla and μo is the absolute permeability.  

The local internal field Hi is given as  

H୧ = ୆
ஜ౥

 ………. (2.21) 

where B is the macroscopic local flux density.  

The local magnetization Mi becomes	ܯ௜ = ௜ܪ	 −  is the ܪ where ,ܪ	

applied field. Therefore the total magnetization M is the average of ܯ௜, over 

the sample cross-section.  

If we consider the magnetization for two stages namely  

(i)  0 < H < H∗  and  (ii) H∗ < H  
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where ܪ∗ is the applied magnetic field at which the internal field reaches the 

centre of the specimen.  

For an infinite slab, the initial magnetization curve (ܪ)ܯ becomes  

M(H) = 	−H + 	 ୌ
మ

ଶ୎ౙ	ୟ
 , for 0 < H < H∗  ………. (2.22) 

M(H) = 	−	 ୎ౙ	ୟ
ଶ

 , for H∗ < H    ………. (2.23) 

The reverse curve for the high −ܪ௠     case is given by (௠ܪ > ∗ܪ) 

M(H) = 	−	 ୎ౙ	ୟ
ଶ

+ 	H୫ − 	H −	 (ୌౣିୌ)మ

ସ୎ౙ	ୟ
, for  H୫ − 2H∗ < H < H୫  .. (2.24) 

M(H) = 	 ୎ౙୟ
ଶ

, for −H୫ − H < H୫ − 2H∗  ………. (2.25) 

where H is the applied magnetic field, Hm is the maximum applied field and 
2a is the thickness of the slab.  

When Hm > 2H*, Jc is related to the magnetization M for slab of thickness 2a as  

M(H+) – M(H-) = Jc a    ………. (2.26) 

Therefore Jc can be determined by measuring the width of an M-H hysteresis 

loop at a given field.  

The discussion made above is applicable only if the sample is 

considered as an infinite slab. The formulation for samples with 

orthorhombic geometry is given in section 6 of Appendix.   

For the orthorhombic geometry   

M(H)ା − 	M(H)ି = 	 Jୡb ቀ1 − ୠ
ଷୟ
ቁ ………. (2.27) 

2.7.2.2. Calculation of Jc from M-H loops 

Magnetization hysteresis loops representing magnetization (M) as a 

function of applied magnetic field (H) were recorded on the samples at 
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various cryogenic temperatures using a Physical Property Measurement 

System (PPMS) of Quantum design make.  

 
 

Fig.2.18. A typical magnetic hysteresis (M-H) loop obtained from a IG 
processed YBCO superconductor at 5 K. 

The specimens used for the measurements were of size approximately 

2 mm x 2 mm x 5 mm, which were cut such that their long dimension was 

normal to the pressed surface of the samples. The samples were exposed to 

magnetic fields of up to 9 Tesla generated by superconducting magnet in 

order to record the field dependences of magnetization. A typical M-H loop 

obtained for a superconductor is shown in Fig. 2.18. 

 Critical current densities (Jc) of the samples were determined 

following extended Bean’s critical State model using the relation [22-23]: 

Jୡ = 	 ଶ଴	Δ୑
ୢ

 ………. (2. 28) 

where ΔM = M+ - M- (in emu/cc), d = b 





 

a
b
3

1 ; a > b and a, b are broad and 

narrow dimensions of the sample (in cm). 
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Chapter III 

Fabrication and Microstructural studies on YBCO 

Nanocomposites 
 

3.1. Introduction 

The microstructures of melt or IG processed YBCO superconductors 

play an important role in deciding their current carrying capacity and hence 

their suitability for practical applications. Introduction of Y-211 particles in 

the Y-123 matrix is known to improve current densities at high applied 

magnetic fields due to pinning of magnetic flux at fine structural defects 

generated at the Y-123/Y-211 interface due to lattice mismatch [1]. The 

defect density per unit volume of the YBCO superconductor is affected by the 

size and morphology of Y-211 particles; Y-211 particles, if they are fine and 

spherical, increase the Y-123/Y-211 interface area and will also help 

maintain the superconducting Y-123 matrix continuous [2]. The coherence 

lengths in the Y-123 superconductors are 2-3 nm [3], and hence, finer 

nanometer-sized defects at the 123/211 interfaces are believed to be very 

effective in promoting flux pinning.  The possibility of enhancing the current 

densities supported by melt processed samples by the external addition of 

fine second phase particles have also been investigated. Many investigators 

have introduced nanoparticles of materials such as Y2O3 [4], ZrO2 [5] , BaCeO3 

[6], Al2O3 [7] and NiO [8], as fine second phase particles in the melt grown 

YBCO. As described in Chapter I, the presence of liquid phases during melt 

processing causes ‘pushing effects’ [9] leading to movement and 
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agglomeration of Y-211 particles in the melt, resulting in inhomogeneity in 

microstructure and in the properties of the end product. During melt 

processing, the 211 particles in the melt are free to move, and second phase 

particles of nanometer size, if introduced to enhance flux pinning, are also 

likely to move around and agglomerate [10, 11]. Also, Y-211 particles tend to 

grow in liquid phase above Tp due to Ostwald ripening [12], and average size 

of the Y-211 in melt processed YBCO is of the order of 10μm. 

In the earlier days, it was noticed that small amounts of Pt picked up 

from crucibles used for melting could lead to substantial improvement in 

current densities by refining the size of the 211 precipitates. In the Platinum 

Doped Melt Growth (PDMG) [13] process, small additions of Pt (less than 

0.5% by weight comparable to the Pt contamination levels obtained during 

the high-temperature melting stage of MPMG [14]) are made to the desired 

stoichiometry prior to melt processing [15]. The Y-211 size in the resulting 

microstructure is substantially reduced, and Jc values as high as 2.5 x 104 

A/cm2 at 1 T (H ∥ c) have been reported [16]. Addition of Ce, Pt, CeO2 and 

PtO2 has been widely investigated [17-21] during the melt growth process 

because of the ability of such additives to refine the size of Y-211 particles. 

Nanometer-sized additives can also directly serve as flux pinning centers due 

to their small size. An examination of the literature shows that the melt 

grown samples which show the highest reported current densities are those 

in which a large amount of nanometer-sized, non interacting materials have 

been externally added, for instance, melt processed (Nd0.33Eu0.33Gd0.33)-

Ba2Cu3O7-ࢾ (NEG-123) with 35 mol. % of nanometer-sized (70 nm) Gd-211 

and 0.1 mol. % of nanometer-sized NbO3 showed current density of 600 

kA/cm2 at zero field and a current density of 200 kA/cm2 at 4 T [22].  
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There are three questions that might be asked in the above context: 

(i) It is known that the IG process causes substantial reduction in Y-211 

particle size without the addition of any dopant like Pt oxide or ceria. 

Essentially, when starting with preforms fabricated out of very fine Y-211 

particles (say of 1 micron particle size), the particles are rounded by reaction 

with the infiltrating liquid phases, and there is no grain growth. The Y-211 

size in the final microstructure is thus nearly an order of magnitude less than 

that obtained in melt processing without dopants. The first question is 

whether the Y-211 size in IG processed samples would be further reduced by 

the addition of dopants? (ii) Can the experiments on doping be designed in 

such a way so as to clarify the mechanism of particle size reduction, if any, 

through doping? This is because conclusions drawn from microstructural 

observations on melt processed samples can be ambiguous due to the 

complexity of the high temperature reactions involved.  (iii) What would be 

the effect of doping on the critical current densities and their magnetic field 

dependences in doped samples, and what are the factors that would control 

such effects?  

The reduction in Y-211 precipitate sizes in melt processed Y-123 

containing ceria as a dopant was originally attributed to an increase in the 

number of nucleation sites for the crystallization of the Y-211 formed by the 

peritectic decomposition of Y-123 [23]. This conclusion was based on the 

observation of instances of formation of one or more Y2O3 cores in some Y-

211 particles in the final microstructure, as observed by TEM.  Other 

investigators have suggested that the Pt and CeO2 in the melt affect the 

surface energy of Y-211 particles and control their grain growth [24]. Both 

the proposed mechanisms of Y-211 refinement are based on the 

observations made on MG processed YBCO composites, where the exact 
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reaction path is ambiguous as Y-211 and reactive liquid phases are present 

along with Pt/CeO2 at high temperatures.  

 
Fig. 3.1. (a) and (b) show the segregation of nanoparticles and existence of 
nanoparticle- free regions in melt grown YBCO composites [6] . (c) and (d) ([10] 
and [11] respectively) show the formation of bands of nanoparticles due to flow of 
liquid phases.   

Another difficulty in adding nanoparticles during melt growth is that 

the movement of Y-211 and other nanoparticles during MG process leads to 

segregation and agglomeration of the fine particles (Fig. 3.1 (a) and (b) 

reproduced for convenience from Fig.1.18).  Addition of nanoparticles during 

IG processing has been reported by some workers, but they have introduced 

them along with liquid phases [25] and not directly into the preforms, and 

the situation remains similar to that obtained in the MG process where the 

movement of liquid phases affects the distribution of the fine dopant 

particles.  
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In the present thesis a process is developed which enables the 

introduction of nanoparticles of materials such as CeO2, ZrO2 and BaCeO3 into 

preforms used for IGP as isolated individual particles without agglomeration. 

The process further proceeds with the infiltration of liquid phases into the 

preforms and then by a long anneal below the peritectic formation 

temperature of Y-123 to form the Y-123 phase. Since the nanoparticles are 

adherent to the Y-211 particles in the preform, it is envisaged that their 

movement during further processing would be minimized.  In the present 

chapter, we first describe the process developed for distributing 

nanoparticles, isolated and separate from one another in the Y-211 preform. 

The microstructural investigations on the nanocomposites prepared as 

above are then reported. From the microstructural observations, conclusions 

are then drawn on mechanisms leading to refinement of the Y-211 particles 

in the presence of the additives 

 

3.2. Introduction of nanoparticles into Y-211 preform 

3.2.1. CeO2 nanoparticles 

This section discusses the new process that was developed for the 

introduction of nanoparticles of different materials into preforms used for 

IGP, as isolated individual particles without agglomeration. We experimented 

with nanoparticles of CeO2, ZrO2 and BaCeO3. The choice of the above 

materials was made on the observations in the literature that they, as do Pt, 

refine the Y-211 precipitates in melt processed Y-123 matrix. Considerable 

amount of literature exists on the doping of the above materials in YBCO [16-

20, 25-27], as discussed in Chapter I.  

In the present study, Y-211 powder with a nearly uniform particle size 

distribution around 1-2 µm was prepared through the citrate synthesis 
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method [28]. The process is described in Chapter II in detail. Y-211 slurry of 

required concentration was prepared by dispersing the Y-211 powder in 

water with a dispersing agent identified as described below. Water was 

chosen as a medium to work with, as it is known not to interact with 

Y2BaCuO5. 

Attaining stable and free-flowing slurry involves finding proper 

dispersing agents and optimizing sedimentation conditions. Sedimentation 

test of Y-211 slurry was done to find out the best suited dispersant to obtain 

stable Y-211 slurry.  

The Y-211 powder used in the study was first heated up to 300 oC to 

eliminate undesirable organic residues from the surface of the Y-211 

particles. 5 g of the Y-211 powder was taken in 20 ml of de-ionized (DI) 

water along with the dispersant. The dispersants we have experimented with 

were Darvan 821A from R.T. Vanderbilt Company, Inc., Ammonium 

Polyacrylate (PAA) from National Chemicals, Gujarat, India and Dolapix 77, 

DOLAPIX PC21, DOLAPIX PC75, DOLAPIX A88, PRODUCT KV 5068, PRODUCT 

KV 5166 from Zschimmer & Schwarz, Germany. A flow point test [29] was 

used to decide the approximate amount of dispersant to be used. Nearly 1 wt. 

% of the dispersant was added in most cases. The Y-211 slurries with 

dispersants were tumbled in a ball mill for 12 hours to get a uniform coating 

of dispersant on the Y-211 particle. The sedimentation rates of the slurries 

thus prepared were studied by monitoring the process in transparent test 

tubes. It was observed that in many of the suspensions, the particles settled 

down within an hour and some of them reacted with Y-211 to form a bluish 

liquid.  DOLAPIX 77, DOLAPIX PC21, DOLAPIX PC75 and PAA dispersants 

which did not react with Y-211 were used for prolonged sedimentation tests. 

Photographs of the slurries were taken periodically for 24 hours to study the 
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rate of sedimentation. Dolapix 77 showed the best dispersing ability among 

all the dispersants we tried. It was found that Y-211 slurry with DOLAPIX 77 

was stable for more than 4 hours. The results of the sedimentation tests for a 

few slurries can be seen in Fig 3.2.   

 

Fig. 3.2. Sedimentation test with 5 wt. % slurry of Y-211 in water, containing 1 wt. 
% of various dispersants. The suspension was kept for 12 hours to examine the 
sedimentation rate of the Y-211 particles, for preliminary optimization of 
dispersants. Y-211 particles remain suspended in the slurry with DOLAPIX 77, 
whereas with other dispersants the particles have either settled down, or reacted 
with the dopant as in the sample marked A 88.  The good suspension observed with 
DOLAPIX 77 was sufficient to ensure the completion of the process of nanoparticle 
introduction without segregation, which required that the slurry is stable for about 
an hour after mixing.    

A sol containing 5 wt. % of ceria nanoparticles was prepared from 

cerium nitrate (Ce(NO3)36H2O), as described by Chen et al. [30]. Cerium 

nitrate was first dissolved in DI water and was stirred rapidly in a glass 

beaker using a magnetic stirrer at 60 °C for 90 minutes. Appropriate amount 
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of NH4OH was added to the solution to form Ce(OH)4. The Ce(OH)4 

precipitates were then dehydrated to form CeO2. The formation reaction of 

ceria from cerium nitrate is as follows: 

2Ce(NOଷ)ଷ6HଶO + 7
1
2 Oଶ + 6OHି → 2CeOଶ + 6NOଷ

ି + 15HଶO 

The ceria precipitates thus obtained were washed three times in DI 

water and then dispersed in DI water. To form a stable colloidal solution, pH 

of the ceria solution was adjusted to 8 and it was vigorously mixed in an 

ultrasonicator (OSCAR-PR 250). The sol thus obtained is shown in Fig. 3.3. 

 

Fig. 3.3.  Sol containing 5wt. % of CeO2 nanoparticles. 

The nanoparticles in the sol were observed under a Carl Zeiss-made 

Ultra 55 FESEM and elemental analysis was done using an OXFORD-made 

Energy dispersive X-ray (EDX) analysis attachment available with the FESEM. 

A drop of the sol was placed on a carbon tape, dried and coated with gold to 
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avoid charging in the SEM. Very fine networks of ceria nanoparticles are 

observed under FESEM as shown in Fig. 3.4. The particles were around 20-40 

nanometers in size.  

 

Fig. 3.4. (a) FESEM micrograph recorded from a dried droplet of CeO2 sol at 100 kX. CeO2 
nanoparticles of 20-40 nm can be seen. (b) Elemental analysis on a particle observed in (a) 
shows that it contains Ce and O2. 

Slurries of Y-211 powder were prepared in DI water. About 1 wt. % of 

Dolapix 77 was used as dispersant. Maximum stability could be obtained in a 

slurry with 28 vol. % of Y-211. Different samples of the slurry were prepared 

by adding varying amounts of CeO2 sol so as to yield slurries with 2 wt. %, 5 

wt. % and 10 wt. % of CeO2, by weight in Y-211. To the above slurries, small 

amounts of the monomer methacrylamide (MAM) and of the cross-linker 

methylene bisacrylamide (MBAM) were added. The organics constituted ~5 

% of the slurry by weight. The monomer to cross-linker ratio was maintained 

6:1 by weight. The slurry was tumbled in a homemade ball mill for 12 h. The 

slurries were then mixed with small amounts of initiator ammonium 

peroxydisulphate (APS) and catalyst N, N, N’, N’,- tetramethylethylenediamine 
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(TEMED), and cast in a mould and allowed to set. The monomers were 

completely polymerized within an hour of the casting. Dolapix 77 was 

suitable for use with the above monomer system because of its ability to 

disperse Y-211 very well for at least 4 h. The uniform dispersion of particles 

in the well-mixed slurry, and the quick formation of a polymeric network by 

setting, prevented segregation of particles.  

Y-211 slabs thus obtained containing nano ceria and a small amount 

of organic matter (~5 wt. %) were dried at room temperature, and then 

slowly heated to 600 oC to expel the organic binder. The slabs were ground 

and pressed into rectangular pellets of size 16mm x 16mm x 5mm in a 

stainless steel (SS) die under a uniaxial pressure of 460 MPa. The pellets 

were then heated at 950 oC for 4 hours to form the Y-211 preforms to be used 

in the Infiltration Growth process (IGP) following a procedure described by 

Devendra et al. [31].  Fig. 3.5 shows the FESEM micrograph of a Y-211 

preform in which 2 wt. % of CeO2 nanoparticles were doped. 

It can be observed from Fig. 3.5 (a) that the Ceria nanoparticles are 

distributed uniformly on the surface of the Y-211 particles. The Y-211 

particles are of the order of 1-2 µm in size. The CeO2 nanoparticles are 

around 40-60 nm in size as can be seen from Fig. 3.5 (b). No agglomeration 

or segregation of the nanoparticles is observed. We will call the process for 

the dispersion of isolated nanoparticles in Y-211 as Nano-Dispersed Sol-

casting (NDSC), for convenience in future reference. The nanoparticles show 

minimal interaction with Y-211 or also among themselves. The preform is 

observed to retain enough porosity to allow the infiltration of the liquid 

phases at a later stage. The above observation highlights the efficiency of the 

NDSC process in dispersing nanoparticles individually in Y-211 preforms.  
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Fig. 3.5. Y-211 preform with CeO2 nanoparticles, after adding 2 wt. % ceria and heat 
treating at 950 OC for 4 hours, as seen in an FESEM. (a) At a magnification of 10,000 
X. Y-211 particles of size around 1-2 m are observed to be coated almost uniformly 
with isolated nanoparticles of ceria. (b) At a magnification of 50, 000, the ceria 
particles anchored on the Y-211 particles are observed to be in the size range of 40- 
60 nanometers.   

Among all melt processed or IG processed materials, as discussed 

earlier, the best current density  values have been reported in  melt grown 

NEG-123 system containing 35 mol. % of Gd-211 nanoparticles along with 

small amounts other nanoparticle additives [22]. Hence it is interesting to 

study the efficacy of the NDSC process in dispersing large amounts of 

nanoparticles individually in the Y-211 preforms. 5 and 10 wt. % of CeO2 

nanoparticles were also, therefore, added to the Y-211 preforms through the 

NDSC process. These preforms were also examined under the FESEM after 

the heat-treatment at 950 oC for 4 hours. Fig. 3.6 shows FESEM micrographs 

from Y-211 preforms with 2, 5 and 10 wt. % CeO2 nanoparticles. In the 

following discussions, for the sake of convenience, the preform samples 

containing 2, 5, and 10 wt. % ceria will be referred to as Ce-2, Ce-5 and Ce-10 

preforms respectively.  
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The following observations can be made from Fig. 3.6 We first note 

that the increase in concentration of CeO2 nanoparticles in Y-211 preform 

does not lead to any agglomeration or segregation of the particles, revealing 

the potential of present NDSC process to avoid agglomeration or segregation 

while working with large concentrations of nanoparticles.  We, however, note 

that the ceria nanoparticles start interacting among themselves as the 

concentration increases; we will find that this has significant consequences 

to the final microstructure of the IG processed superconductor and its critical 

current density. We also observe that the CeO2 particles become more and 

more acicular (or rod-like) as the CeO2 concentration increases. The length of 

ceria nano rods in Ce-5 is around 100 nm and in Ce-10; they are as long as 

300 nm. In all the samples, the diameter of CeO2 particles remains 40-60 nm. 

We also note that there is porosity to allow infiltration of liquid phases into 

the Y-211 preform in the case of Ce-2 and Ce-10 samples. In the former case, 

the mild reaction between the Y-211 and CeO2 has not closed the pores in the 

preform; in the latter case, the relatively longer nano-rods of CeO2 keep the 

Y-211 particles separated, generating increased porosity in the preform. In 

the case of the Ce-5 sample, the reaction between the dopants and Y-211 has 

almost completely closed the porosity in the preform. 
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Fig.  3.6.  FESEM micrographs recorded on NDSC processed Y-211 preforms with 2, 5 and 10 wt. % of CeO2, referred as Ce-2, Ce-5 and Ce-10 
respectively. The micrographs in the upper row are at a magnification of 10,000 X and those in the lower row are at 50,000 X.  Encircled regions 
show examples of porosity in the preform. The Ce-2 sample shows substantial amount of porosity, whereas the porosity in the Ce-5 sample is much 
less. The Ce-10 sample again shows considerable amount of porosity, an effect of the acicular growth of the CeO2 particles.  
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Fig.  3.7 shows an X-ray diffractogram from the Ce-10 sample.  Also 

shown, in comparison, in the same figure is an X-ray diffractogram from an 

undoped sample of Y-211. The additional lines, marked by a star in the figure, 

could be indexed to CeO2-X (JCPDS file no 49-1415). 

 

Fig. 3.7. X-ray Diffractogram of Ce-10 is compared with that of Y-211 without any 
additive.  The extra peaks in the former could be identified as due to CeO2-X (JCPDS 
file no 49-1415).   

Vilalta et al. [32] had performed high temperature X-ray diffraction on 

a mixture of Y-211 and CeO2, and found that Y-211 reacts with CeO2 to form 

BaCeO3 and Y2O3 at temperatures above 800 oC. This can be seen from Fig. 

3.8 reproduced from their paper. Their results show that a reaction between 

Y-211 and CeO2 produces BaCeO3 and Y2O3 at high temperatures. Our XRD 

data suggest that the reaction is very mild at 950 oC, the temperature at 

which our preforms were fabricated.  
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Fig.3.8. High temperature X-ray diffraction patterns from Y-211 containing 20 wt. % 
CeO2, from 800 oC to 1200 oC. Y2O3 peaks are distinctly visible above 1000 o C [32]. 

3.2.2.  ZrO2 and Ba-Ce-O nanoparticles  

 Nanoparticles of ZrO2 and Ba-Ce-O were produced following 

essentially the same procedure as discussed in the previous section. The 

starting material used to produce ZrO2 nanoparticles was Zirconium 

oxynitrate. A self-standing sol containing Zirconia nanoparticles were 

prepared starting with zirconyl oxynitrate (ZrO(NO3)2. X H2O). An aqueous 

solution of the above salt was prepared and excess of ammonium hydroxide 

was added to it while stirring vigorously to precipitate Ziconium hydroxide. 

The precipitates were washed in DI water many times, and dried and 

dispersed in fresh DI water through ultrasonication, thus forming a sol 

containing ZrO2 nanoparticles. 

Barium carbonate and Cerium nitrate in the molar ratio 1:1 were used 

to prepare Ba-Ce-O nanoparticles. The above nanoparticles were introduced 
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into Y-211preforms following the NDSC procedure. Barium carbonate and 

cerium nitrate were weighed out in the proportion required to give BaCeO3. 

They were dissolved in water and an intimate mixture of Ba(OH)2 and 

Ce(OH)4 were obtained by precipitation with excess NH4OH. The precipitates 

were washed many times with DI water, dried and dispersed in water by 

ultrasonication to prepare a sol containing Ba-Ce-O nanoparticles, the exact 

composition of which could not be assessed.  

The sol was then added to a self standing slurry of Y-211 prepared as 

discussed in Section 3.2. The mixture was tumbled in a ball mill for several 

hours and Y-211 powder coated with ZrO2 nanoparticles were prepared as 

discussed for CeO2 earlier (section 3.2.1). 

A pellet was prepared from the powder under a uniaxial pressure of 

460 MPa and sintered at 950 oC for 4 hours, to obtain the preform to be used 

in the IG process. Fig. 3.9 shows the microstructures of the preform observed 

using an FE-SEM. At the high magnification, Fig. 3.9 (b), individual particles 

of ZrO2, well separated from one another, can be seen adhering to the surface 

of the Y-211 particles. The nanoparticles of Zirconia have reacted more with 

the Y-211 phase in comparison with ceria nanoparticles in Y-211 preform 

(Fig. 3.5). They are thus more adherent on the preform surface. Also, it can be 

observed that the presence of ZrO2 has promoted the fusing of Y-211 

particles into larger grains, from the micron-sized particles in the starting 

powder.  

Figs. 3.9 (a) and (b) show the preforms of Y-211 produced by the 

NDSC procedure with 2 wt. % and 10 wt. % of ZrO2 nanoparticles, 

respectively. We observe that the nanoparticles are isolated from one 

another and occur without agglomeration adhered on the Y-211 particle 

surface. The nanoparticles appear to have reacted with Y-211 and have 



Chapter III 
Fabrication and Microstructural studies on YBCO nanocomposites 

 

 

 

83 
 

anchored themselves on Y-211 at the points of contact. We also note a strong 

tendency for the Y-211 particles to get rounded and fuse together at the 

temperature at which the preform was fabricated (at 950 oC) in the presence 

of ZrO2. This can affect the availability of continuous porosity to facilitate the 

infiltration of liquid phases at the later stage.  

 
Fig 3.9. (a) Micrograph obtained on Y-211 preform with 2 wt. % ZrO2 at a 
magnification of 20,000 X, shows that Y-211 particles reacted and (b) micrograph 
obtained on Y-211 preform with 10 wt. % ZrO2 at a magnification of 50,000 X, very 
fine individual nanoparticles of ZrO2 can be seen on Y-211 particles. Both the 
microstructures confirm strong interaction of ZrO2 with Y-211 and cause fusing of 
Y-211 particles.  

Fig. 3.10 shows the preforms of Y-211 produced by the NDSC 

procedure with 10 wt. % Ba-Ce-O nanoparticles. We observe that the 

nanoparticles are isolated from one another and occur without 

agglomeration, adhered on the Y-211 particle surface. The nanoparticles 

appear to have reacted with Y-211 and have anchored themselves on Y-211 

at the points of contact. We also note a strong tendency for the Y-211 

particles to get rounded and fuse together at the temperature at which the 
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preform was fabricated (at 950 oC) in the presence of Ba-Ce-O. This can affect 

the availability of continuous porosity to facilitate the infiltration of liquid 

phases at the later stage, as in ZrO2 doping.  

 

Fig 3.10. FE-SEM image from the Y-211 preform containing 10 wt. % of Ba-Ce-O 
nanoparticles. The particles are distributed separate from one another. They have 
reacted with the preform, and the 211particles of the preform have fused together 
to a large extent.  

 
3.3. Microstructures of YBCO nanocomposites  

The preforms containing CeO2 nanoparticles which were discussed in 

section 3.2.1., were subjected to IG process. The procedure used in the IG 

process has been discussed in Section 2.2 in Chapter II. A schematic of the 

experimental arrangement is shown in Fig. 2.5 (c).  The YBCO 

nanocomposites thus obtained were cut and polished as discussed in Section 

2.3, in Chapter II, and observed under the FE-SEM.   YBCO products formed 

from Ce-2, Ce-5 and Ce-10 preforms after IG process are referred to as 
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nanocomposites/samples of the same code in the remaining part of the 

thesis. 

Microstructures from Ce-2, Ce-5 and Ce-10 nanocomposites are 

shown in Fig. 3.11. Histograms of Y-211 particle size distribution in the YBCO 

composites are also shown along with the micrographs. All micrographs are 

at the same magnification.  

 

Fig.  3.11. FESEM micrographs obtained on Ce-2, Ce-5 and Ce-10 YBCO composites 
at 2000 X magnification; on the right side are the corresponding histograms of Y-
211 particle size distribution. 
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We observe that the Y-211 size refines progressively when the CeO2 

concentration is increased.  In the Ce-2 composite, the Y-211 size distribution 

is centered on 1 µm, but large grains of Y-211 with size up to 5 µm can be 

seen. There are also 211-free regions in the microstructure. The Y-211 size 

distribution becomes narrower in the Ce-5 composite; most of the particles 

have a size below 1 µm. The majority of the Y-211 particles are sized around 

0.5 µm and all the particles are below 2 µm, which is much finer than the 

average size of Y-211 obtained in the IG process without additives.   There 

are still some Y-211-free regions, but the distribution of Y-211 particles is 

more uniform than in Ce-2.  The Y-211-size distribution moves to even lower 

values in the Ce-10 sample, with most of the particles having size below 500 

nm; and the distribution becomes still narrower.  

Fig. 3.12 compares the FE-SEM micrograph from the Ce-10 sample 

with that of a POIGP sample with zero CeO2 content. The latter might be 

referred to as Ce-0 composite. The respective histograms for Y-211 size 

distribution are also shown. The Ce-0 sample shows a uniform distribution of 

spherical Y-211, with the average particle size centered slightly above 1 m. 

The observed size of Y-211 in the Ce-0 sample is much lower than that 

obtained in melt grown samples without any additives. The Ce-10 sample 

shows a size distribution centered at much lower values in comparison with 

even the Ce-0 sample, and the distribution is also much narrower. Unlike the 

Y-211 particles in the Ce-0 sample which shows uniform contrast, the Y-211 

particles in the Ce-10 sample appear in different shades of grey. 
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Fig.  3.12. Microstructures of samples with zero and 10 wt. % CeO2, the Ce-0 and Ce-
10 samples, both were processed through the POIGP route. The Y-211 size 
distribution in the Ce-0 sample is centered at slightly more than 1 µm, whereas most 
of the Y-211 particles in the Ce-10 sample have size below 0.5 µm. The Y-211 grains 
in the Ce-10 sample occur in different shades of grey suggesting compositional 
variations between particles and in different regions of the same particle.  

3.4. Y-211 refinement with CeO2 addition  

As discussed in Chapter I, addition of small amounts of Pt to Y-123 

before melt processing could result in substantial refinement of Y-211 

particle size in the microstructure of the melt processed Y-123 composite. 

The Jc supported by the Pt-added samples was also considerably enhanced 

[19]. The mechanisms leading to refinement of Y-211 particle size in Pt-
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added Y-123 has been the subject matter of a large number of studies [13-16, 

33-37]. CeO2 and ZrO2 added samples have also been reported to cause 

refinement in the Y-211 particle size in melt processed Y-123. In the previous 

section, we have shown that CeO2 addition substantially reduces the particle 

size of Y-211 in the Infiltration Growth processed Y-123 also, and the 

reduction in size is considerably more than that obtained by IG processing 

alone (i. e. in the Ce-0 sample).   

Kim et al. [35] have studied the effect of ceria doping in YBCO during 

melt growth. Microstructure of the resulting sample showed, along with Y-

123 and Y-211, the presence of rectangular BaCeO3 precipitates and islands 

of CuO (Fig. 3.13).  

 
Fig. 3.13. Typical microstructure of Melt processed YBCO with Ceria showing the 
presence of BaCeO3 particles along with CuO phase, which is a common observation 
[35].   
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Kim et al. [36] found that when the Y1.2Ba2.1Cu3.1Oy compound is 

sintered with ceria, it forms a lower Tc phase Y1.2CexBa2.1Cu3.1Oy, where ‘x’ 

varies from 0 to 0.5 %. In Y1.2Ce0.2Ba2.1Cu3.1Oy and Y1.2Ce0.3Ba2.1Cu3.1Oy, twins 

due to oxygen ordering were observed, but at higher concentrations of ceria, 

the tetragonal to orthorhombic transition was suppressed. Fig. 3.14 (a) 

below, reproduced from their paper, shows the change over from the 

orthorhombic to tetragonal structure as the ceria concentration is increased 

and also the formation of increasing amounts of BaCeO3.  Also, accompanying 

the increase in ceria content is a lowering of the superconducting transition 

temperature (Fig. 3.14 (b)).   

 

 
Fig.  3.14. (a) One of the first reports on CeO2 addition in YBCO (Kim et al. [29]. The 
YBCO samples sintered with ceria showed the suppression of the formation of the 
orthorhombic superconducting phase at higher ceria concentrations, and also the 
formation of BaCeO3.  (b) Tc was also lowered as the ceria concentration was 
increased [36]. 

Kim et al. [35] studied the grain growth of Y-211, in Y-211 pellets with 

and without PtO2 and ceria, when infiltrated with liquids and held at 1100 oC. 

The grain growth was observed as a function of holding time. No significant 
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growth in Y-211 particle size was observed with PtO2 and CeO2 addition even 

after 10 hours of holding at 1100 oC (Fig. 3.15), whereas, there was 

significant grain growth of Y-211 in pure Y-211. 

 
Fig.  3.15. Y-211 particles when held with liquids at 1100 oC increase in size with 
holding time, whereas the presence of refining agents such as PtO2 and ceria 
restricts the growth to a maximum of 1.5 µm in 10 h [35].  

Differential thermal analysis of Y-123 with added CeO2 and BaCeO3, 

given in Fig. 3.16, showed an increase in the freezing point of the melt with 

the dopants. This showed that the addition had modified the liquid phase 

composition and properties.   

 
Fig.  3.16. Differential thermal analysis for Y-123, Y-123 + 1 wt. % CeO2 and Y-123 + 
1.9 wt. % BaCeO3. With the additions, the melting point is mostly unaffected but the 
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freezing temperature is increased. Meignan et al. made use of this observation to 
conclude that CeO2 addition modifies the melt characteristics, and thus restricts Y-
211 growth [11]. 

Kim et al. [26] have studied the refinement of Y-211 in melt grown Y-

123 containing added ceria. They proposed that the composition of the liquid 

phase, formed during the melting of Y-123 in the melt growth process, is 

altered by ceria by using up barium ions for the formation of BaCeO3. This 

would cause the composition of the system to shift towards right in the phase 

diagram in Fig. 3.17 (from ref.  [34] ), explaining the observed formation of 

CuO. Also, this could result in the formation of non-superconducting Y2Cu2O5, 

and also of other low Tc Cu-rich phases such as Y-124 (Tc 81 K) and Y-247 

(Tc 73 K). Kim et al. [26] attributed the refinement of Y-211 in ceria 

containing melt grown Y-123, to the formation of BaCeO3 using Ba from the 

liquid phase, which would alter the liquid phase property and affect the 

interfacial energy between Y-211 and the liquids; this would hinder the grain 

growth of Y-211.  

 
Fig.  3.17. Phase diagram related to the melt reaction of YBCO [34]. 
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  Vilalta et al. [32] observed using TEM, in their melt grown samples, 

some Y-211 particles with Y2O3 core/ cores of nanometer size; see Fig. 3.18 

(a). This observation caused them to give an alternative explanation for the 

refinement of Y-211 particles in melt processed Y-123. They proposed that 

the fine particles of Y2O3 form as a result of the removal of barium from Y-

211 by ceria according to the following equation, 

YଶBaCuOହ + 	CeOଶ → BaCeOଷ + YଶOଷ + CuOz 

  The formation of Y2O3 as a result of decomposition of Y-211 

containing ceria, was further evidenced by high temperature XRD (Fig. 3.18 

(b)).  

 

Fig.  3.18. (a) TEM micrograph showing the presence of Y2O3 cores within Y-211 
particles in melt processed Y-123 with ceria [23]. On the left are two Y2O3 particles 
within a 211 particle and on the right is a magnified image showing one of the 
particles within the Y-211 background. (b) High temperature X-ray diffractograms 
obtained from Y-211 with CeO2 [32] shows the formation of Y2O3 and BaCeO3. These 
observations led Vilalta et al. [32] to conclude that the fine Y-211 formed during 
melt growth of Y-123 are those nucleating on nanometer-sized Y2O3 formed during 
the decomposition of Y-211 in the presence of ceria.  
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The Y2O3 particles thus formed were proposed to serve as nuclei for 

the crystallization of Y-211 formed by the decomposition of Y-123. But Y2O3 

cores in Y-211 particles are not a commonly observed feature, and also no 

free Y2O3 has been found in the final melt processed products. The above two 

mechanisms, which have been advanced to explain Y-211 particle refinement 

by the addition of ceria during melt processing, have been invoked by other 

groups [22-23, 31, 32, 34,]. But both mechanisms were derived from 

observations on ceria addition to YBCO during melt growth. In the MG 

process, Y-123 is heated above its peritectic reaction temperature to form 

highly reactive liquid phases and Y-211 at a temperature above 1050 o C. 

Hence, it becomes difficult to arrive unambiguously at reaction paths and 

mechanisms that lead to the refinement of Y-211 in the end product.  

3.5.  Mechanism of Y-211 size refinement in CeO2 doped YBCO 

nanocomposites  

We had earlier, in Section 3.2, discussed Y-211 preforms containing 

ceria nanoparticles obtained by the NDSC process developed in this work. 

Isolated particles of ceria, about 40-60 nm in size, were adherent on the 

surface of the Y-211 particles in the preform (Fig.3.5). The ceria 

nanoparticles were separated from one another and at the temperature at 

which the preform was fabricated; i.e. at 950 oC, there was only minimal 

interaction between the Y-211 and ceria. The fact that the Y-211 particles of 

the preform have isolated nanoparticles on their surfaces before the liquids 

are infiltrated, allows the process that leads to Y-211 particle refinement 

during the IG process to be traced clearly from our experiments.  

We had displayed in Fig 3.11 the microstructures of IG processed 

materials with different amounts of Ceria, as recorded in the FE-SEM images 
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in Fig.  3.11. Images from those samples at a higher magnification are shown 

Fig.3.19.  

 
Fig.  3.19. Microstructure of CeO2-doped YBCO composites. Y-211 particles with 
varying sizes and contrast are observed. Submicron sized bright particles identified 
to be BaCeO3 by EDAX are attached to several Y-211 particles. Some BaCeO3 
particles are also free. Most of the Y-211 particles are with one or more bright core 
regions whose compositions were measured by EDAX to be Y- and Cu-rich, 
containing small amounts of Ba.  Several particles of Y-211 appear to be developing 
necks and proceeding towards division into two or more particles by reaction of the 
Y-poorer regions with liquid phases.  

A strong reaction between ceria and Y-211 material is evidenced in all 

the micrographs in the above figure. Most of the particles derived from Y-211 

have one or more white cores. Such cores are surrounded by darker regions. 

Often, there are fine white particles in the size range 100-300 nm attached to 

the bigger particles derived from Y-211. The particles derived from Y-211 are 

often seen to be developing necks at one or two places as if they are about to 

split up.  

Compositional mapping was performed on the YBCO composites to 

identify the composition of these regions, shown in Fig 3.20.  
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Fig. 3.20. Compositional mapping of Ce-10 on Y-211 particle with central bright 
core. Ba and O found through the particle as can be seen in red and green spectra. 
The center is rich in Y-atom as shown in blue colored and some amount of Cu and 
towards the edges presence of Ce-atom is found with no Cu and Y. The central 
region in these particles is Ba deficient and at the edges some amount of Ce is 
dissolved      

Compositional analysis across the Y-211 particle having a central 

bright core was done using an EDAX attachment available with FESEM. Each 

element is represented by a different color, for example oxygen is 

represented by red, Yttrium by blue and so on, and the presence of color 

indicates the presence of the respective element. The pink colored graph on 

each elemental map represents the concentration of the element along the 

line, for example in case of Ce two peaks are seen in the graphs 

corresponding to the Ce-rich regions and central dip indicates absence of Ce 

at the center which is in agreement with the elemental map for Ce.  

The central bright cores, found in Y-211 particles are Y and Cu-rich 

and deficient in Ce and Ba as seen from elemental maps. Towards the edge of 
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the particle Ce and Ba- rich regions are found without any Y and Cu. From the 

above observation following conclusions can be made 

I. Central brighter regions found in Y-211 are rich in Y  

II. Ce is found at the edges along with Ba, suggesting possibility of the 

presence of BaCeO3 phase 

III. Cu and Ce atoms are mutually exclusive so no compound with Ce and 

Cu are formed. 

We have studied the compositions of various phases occurring in the 

micrograph by EDAX, in order to understand the mechanism leading to Y-211 

refinement in IG processed ceria containing YBCO. It was observed that the 

white core regions within the larger precipitates had yttrium, barium, copper 

and oxygen. The cores were rich in yttrium. The darker regions surrounding 

the cores were close to Y-211 in composition, but with some cerium. The Y-

123 matrix also was found to have some amount of dissolved cerium.  

Based on the above observations, we propose the following 

mechanism for the refinement of Y-211 during IG processing with ceria 

doping. Please refer to Fig.3.21 below.  

 
Fig. 3.21. (a) Y-211 particles in preform of Ce-2 with nanoparticles of ceria 
adhering to its surface.  (b) A region from the FE-SEM micrograph of the Ce-10 
composite showing many rounded Y-211 particles with small particles of BaCeO3 
attached. It is proposed that the Y-211 particles lose Ba in regions close to the 
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attached CeO2 nanoparticles to form the white Y-rich core regions in the bigger Y-
211 particles. Some BaCeO3 particles have also detached themselves from the Y-211 
particles after reaction of the supporting Y-211 substrate with the liquid phases. 
The liquid phases do not react with the Y-rich core region, but rather with the 
surrounding darker regions of the Y-211 grain, with compositions close to the 
original. This develops necks on the Y-211 particles which on breaking divide the 
particles.  

 In Fig. 3.21 (a) we see nanoparticles of ceria on Y-211 particles in the 

preform. They have, to some extent, mildly reacted with Y-211 surfaces and 

are attached to the surfaces. On the introduction of liquid phases into the 

preform at higher temperatures, the ceria nanoparticles do not get dislodged 

from the Y-211 surface. They draw barium from the bigger Y-211 grains 

leaving white yttrium and copper rich region/regions inside each grain. One 

or more such core regions are formed in a Y-211 particle. This view is 

supported by the observation in Fig.  3.21 (b). Many fine BaCeO3 particles (as 

evidenced by EDAX) can be found fused to a Y-211 grain on the outside, most 

probably originating from the nanometer –sized ceria grains attached 

initially to the Y-211 preform. The white Y-rich core regions in the Y-211 

grains are in close proximity to the BaCeO3 particles. The phases that appear 

in this reaction are in accordance with what is expected when Y-211 gets 

depleted in Ba, from the phase diagram in Fig. 3.17. Regions of Y-211 which 

do not get enriched in yttrium react with the liquid phases to form Y-123 

with some amount of dissolved ceria in the process. The original Y-211 

particle, now with yttrium richer composition, divides to form more than one 

particle. The white particles either attached to the Y-211 grains or just 

detached from them is a compound of barium and cerium, clearly barium 

cerate. Those particles are quite small, and are in the size range 100-300 nm. 

We note that in our observations, there are many points in common 

with observations of previous workers, cited earlier. The formation of 
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nanometer-sized yttria as a core in Y-211 was observed, though in isolated 

cases. However, the core region which in our experiments is of the size 300-

500 nm is not Yttria, but rather has Y-rich compositions containing Cu and 

Ba. Those core regions also do not seem to be the nuclei for the nucleation of 

additional Y-211 produced at a later stage, as suggested by the earlier 

workers. In fact, the fact that there is no additional Y-211 produced by the 

decomposition of Y-123 as in the melt growth experiments makes our results 

easier to interpret. The main factor resulting in the refinement in size of the 

Y-211 particles is the division of those particles by the difference in the 

reactivity of the core region and the remaining part of the particles with the 

liquid phases. Nanometer-sized yttria cores in Y-211 do not seem to serve as 

additional nucleation sites for Y-211 in our IGP experiments, and also, 

changes in the liquid phase composition affecting the surface energies at the 

Y-211-liquid interfaces do not seem to play a major role in particle size 

refinement.        

3.5.1. Extension of the mechanism to other refining agents such as ZrO2  

ZrO2 has been studied quite extensively as an additive to YBCO [38], 

and also used for texturing bulk YBCO [39] and is very much significant in 

HTS thin film growth. It has been pointed out that BaZrO3 particles form in 

YBCO when melt processed with ZrO2. In this section, we report the results 

on YBCO, IG processed with isolated nanoparticles of Zirconia introduced 

through the NDSC process; we then compare them with those reported in the 

earlier sections on ceria added YBCO.   

The preform of YBCO containing ZrO2 nanoparticles as obtained above 

was used in the IG process.  Fig. 3.22 shows the microstructure of the IG 

processed material containing 2 wt. % ZrO2 nanoparticles.  
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Fig. 3.22. Formation of white Y-rich core is observed in the Y-211 particles in IG 
processed YBCO with added ZrO2. The formation of the core can be attributed to the 
depletion of barium from regions of Y-211 particles due to its reactivity with 
Zirconia. However, the reduction in size of the Y-211 particles is not much as the Y-
211 particles get fused at the preform fabrication stage in the presence of ZrO2 
nanoparticles, as can be seen from Fig. 3.20. 

Y-211 particles appear in different shades of grey, as in the ceria-

containing samples. The Y-211 particles have a white core region rich in 

yttrium. This suggests a particle size refining mechanism similar to the one 

seen in the case of the ceria-doped samples. Though some Y-211 particles of 

size around 1 m can be seen, the particle size of Y-211, in general, is much 

larger than that obtained in the POIGP samples without additives (Ce-0 in 

Fig. 3.12 ). The absence of size refinement of the Y-211 particles is probably 

related to the fusing of Y-211 into large grains, in the presence of ZrO2 at the 

preform formation stage, see Fig.3.10. In comparison with the Y-211 grains in 

the preform, the refinement has been substantial. The grain growth of Y-211 

in Pt containing YBCO was studied by Imagawa et al. [40] using four different 

sample fabrication techniques. They observed that in the two cases where 
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the Y-211 grew to relatively large sizes in the initial stages, refinement 

through the introduction of PtO2 was not significant. An experiment with 2 

wt. % ZrO2 nanoparticles generated large grain growth of Y-211 in the IG 

processed material (see Fig. 3.23, reproduced for convenience from Fig. 3.9), 

fusing the Y-211 grains at the preform fabrication stage.  

 
Fig. 3.23.  ZrO2 nanoparticles are seen individually deposited on the Y-211 grains in 
a preform of Y-211 heat-treated for 4 h at 950 oC. The nanoparticles appear to have 
reacted to a certain extent with the Y-211 grains. They are, therefore firmly 
adherent on the Y-211 surface and are unlikely to be dislodged during the 
infiltration of liquid phases. We also observe that the Y-211 particles have fused into 
large grains.  

When the content of ZrO2 nanoparticles was increased to 10 wt. %, 

grain growth of Y-211 was still considerable (Fig. 3.24), but less than that in 

the sample with 5 wt. % ZrO2. The observation that the Y-211 grain growth 

peaks in the middle at ~5 wt. % was common to both ceria and zirconia 

containing samples, and we have verified that it is indeed so by repeating the 

experiments.  
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The final grain size of Y-211 can be considered to be a result of two 

competing processes: (i) The grain growth of Y-211 by reaction with the 

dopant at lower temperatures and (ii) the availability of the dopant to divide 

the grains during the IG process. Fig.3.24   also shows excess, unreacted ZrO2 

nanoparticles (size ~20 nm) segregated and pushed to the 211-free regions 

in the microstructure.   

 
Fig. 3.24.   The microstructure (as obtained by FE-SEM) of IG process YBCO 
containing 2, 5, and 10 wt. % ZrO2 nanoparticles introduced by the NDSC 
procedure., referred to as Zr-2, Zr-5 and Zr-10 respectively. As low concentrations of 
ZrO2, the grains of Y-211 which had grown considerably at the preform fabrication 
stage have been substantially refined, though the particle size is still more than 1 
m. The Y-211 grain growth could not be offset in the other two samples, and the IG 
processed samples have very large Y-211 grains. In the 10 wt. % sample, the Y-211 
size has lowered in comparison with the 5 wt. % sample due to the refinement due 
to large amount of ZrO2 available. The unreacted excess of ZrO2 nanoparticles of size 
around 30 nm are found to be segregated in the micrograph. 

  
3.5.2. Effect of BaCeO3 on Y-211 refinement  

Different amounts of the sol containing Ba-Ce-O nanoparticles namely 

0.1 wt. %, 0.5 wt. %, 3 wt. % and 10 wt. % (with respect to the weight of Y-

211) were added in the Y-211 preforms. The FE-SEM microstructure of a 

preform containing 10 wt. % of Ba-Ce-O nanoparticles is shown in Fig. 3.25 

(Reproduced again for convenience from Fig. 3.10.)  
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We see that the nanoparticles are distributed individually and that 

they have reacted very strongly with the Y-211 particles in the preform. The 

Y-211 particles have fused into large grains.  

 

Fig. 3.25.   FE-SEM image from the Y-211 preform containing 10 wt. % of Ba-Ce-O 
nanoparticles. The particles are distributed separate from one another. They have 
reacted with the preform, and the Y-211 particles of the preform have fused 
together to a large extent. 

FE-SEM microstructures of Y-123, IG processed starting with 

preforms containing 0.1 wt. %, 0.5 wt. %, 3 wt. % and 10 wt. % of Ba-Ce-O 

nanoparticles are referred to respectively as BaCeO-x (x = 0.1, 0.5, 3, 10) and 

are shown in Figs. 3.26 (a), (b), (c) and (d).   We observe from Fig. 3.26 (a) 

that with 0.1 wt. % of Ba-Ce-O added, there is considerable Y-211 grain 

growth which can be attributed to the fusing of Y-211 particles in the 

preform. Signs of vigorous reaction between Ba-Ce-O and Y-211 in the final 

microstructure is missing, unlike in the micrographs of IG processed samples 

with ceria and Zirconia doping. This might have to do with the fact that the 

Ba-Ce-O nanoparticles have sufficient Ba to form BaCeO3 and do not draw 

much Ba from the Y-211 grains. There is no formation of white Y-rich core 

within the Y-211 grains for the same reason. The effect of the particle 
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division mechanism in the sample with 0.1 wt. % of Ba-Ce_O has been to 

bring about a certain amount of size reduction for the Y-211 particles in 

comparison with the particle size in the preform, but not enough to bring 

down to the levels observed in ceria containing samples.  We also note that 

the large grain growth of Y-211 in the samples has prevented the Y-123 

grains from growing into long parallel platelets as is usual in IGP. The Y-123 

grains in different colonies are oriented differently. The microstructure is 

close to that obtained in sintered samples and hence, one can expect a low 

current density to be supported by the sample.  

 
Fig.  3.26. FE-SEM images from IG process samples containing various amounts of 
Ba-Ce-O nanoparticles. (a) In the sample with the smallest Ba-Ce-O content, viz. 0.1 
wt. % Ba-Ce-O, formation of the the usual long parallel platelets of Y-123 
characteristic of melt processed and IG processed samples have been disturbed by 
the grain growth of Y-211. In (b), (c) and (d), with 0.5 wt. %, 3.0 wt. % and 10.0 wt. 
% of Ba-Ce-O respectively, we see that the Y-211 particle size decreases 
continuously with increasing Ba-Ce-O content. The parallel, long Y-123 grains have 
been restored in the samples with higher Ba-Ce-O content.  



Chapter III 
Fabrication and Microstructural studies on YBCO nanocomposites 

 

 

 

104 
 

It can be observed from Fig. 3.26 that with increasing Ba-Ce-O 

content, the Y-211 size progressively refines and that the platelets become 

longer and parallel as is usual in melt grown or IG processed samples. In the 

sample with the maximum Ba-Ce-O content, we can observe signs of reaction 

between the Y-211 and Ba-Ce-O similar to that observed in ceria containing 

samples. With increasing Ba-Ce-O levels, the mechanism of particle division 

as discussed in the case of the ceria-added samples in Section 3.5, 

progressively offsets the effect of grain growth during preform fabrication.  

A magnified FE-SEM in Fig. 3.27 for the sample containing 10 wt. % of 

Ba-Ce-O shows signs of reaction between the Ba-Ce-O and Y-211; Y-211 

grains with Y-rich phase in the core can be seen in Fig 3.27. Some of them can 

be seen to be in different stages of division, and small white BaCeO3 grains 

can be seen as in the ceria-doped samples. 

 

Fig. 3.27.  An enlarged image from the YBCO sample with 10 wt. % of Ba-Ce-O. Y-
rich cores can be observed in the Y-211 grains. Particles in different stages of 
division can be seen. Small white BaCeO3 particles can be seen.  
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3.6. Conclusion 

A novel method, referred to as NDSC, of introducing uniformly 

distributed, individual nanoparticles in Y-211 preforms used for IG 

processing is developed. In this context it is of interest to note that the best 

possible current densities have been reported in melt processed REBCO 

containing nanometer sized dopants: viz. nanometer-sized Gd-211 (35 mol. 

%) and nanometer-sized NbO3 (0.1-0.35 mol. %) in NEG-123 gave a current 

density of ~600 kA/cm2 at zero field, 200 kA/cm2 at 4T and more than 1 

kA/cm2 up to 7 T. These values are much more than what have been reported 

either in melt processed or IG processed materials to date.  In the present 

work we have devised a method of introducing well-dispersed nanoparticles 

in the Y-211 preform. The additives that we have worked in the present 

thesis show strong interaction with Y-123 and, by their dissolution in Y-123, 

cause considerable lowering of Tc. There is a definite potential for using the 

present technique to introduce well dispersed nanoparticles of non-

interacting phases into the Y-211 preforms. Also, the technique can be used 

in conjunction with IG processing which offers advantages of near net 

shaping of components for application.  

Since we have worked with preforms with well-dispersed 

nanoparticles of various materials, we have been able to track the 

mechanism that causes Y-211 refinement in IG processed Y-123. Addition of 

Pt, CeO2, etc. has been an important step in the melt processing of YBCO bulk, 

due to their ability to refine Y-211 particles substantially to improve the 

current densities supported by such materials. Tracking the reaction paths 

leading to the observed refinements have been a subject matter of several 

studies. In the present work, we have introduced nanoparticles of grain 

refiners into the Y-211 preform which was subjected to IG processing 
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afterwards.  Since the nanoparticles remained separate and adhered to the Y-

211 grains during the IG process, the effect of the particles on the final 

microstructures could be tracked, unlike when introduced along with liquid 

phases.  

In the case of the 10 wt. % ceria doped IG processed samples, 

substantial reduction in the size of Y-211 particles, with the size distributed 

around 0.5 m in a narrow range, was obtained. The particle size reduction 

was considerably more than that obtained in normal IG processing.  

An important characteristic of the materials we have worked with is 

their tendency to react strongly with Ba to form compounds. It has been 

reported that Pt refines Y-211 size in melt processed YBCO because of its 

ability to form a compound with barium, Ba4CuPt2O9.  It has been reported 

that Pt, Ce and ZrO2 react with Ba as per the following equations: 

 

YଶBaCuOହ + 	CeOଶ → BaCeOଷ + YଶOଷ 

YଶBaCuOହ + 	ZrOଶ → BaZrOଷ + YଶOଷ 

2YBaଶCuଷO଻ିஔ + 	2PtOଶ → BaସCuPtଶOସ + YଶOଷ + 5CuO 

 

We have observed in our experiments that the nanoparticles absorb 

Ba from the Y-211 grains to generate one or more Y-rich core regions in 

them. The liquid phases, during IGP, react with the Y-poorer regions whose 

stoichiometry is close to that of Y-211 to form Y-123. In the process, the 

initial Y-211 particle develops necks and is divided into smaller particles. 

Many very small, about 200 to 400 nm in size, nanoparticles of the Ba-

compound of the additive (like BaCeO3) also are left back in the 

microstructure.  
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Another important observation is the significance of the Y-211 grain 

growth at the preform fabrication stage. Even small amounts of the dopants 

promote substantial grain growth of Y-211. This process plays an important 

role in deciding   the final microstructure.  

Ba-Ce-O nanoparticles were introduced into the Y-211 preforms to 

study the effect of a compound that is unlikely to draw out barium from Y-

211 particles. It was observed that Ba-Ce-O nanoparticles introduced into Y-

211 preforms before IG processing did not cause the formation of Y-rich 

cores in the Y-211 grains at small concentrations of the nanoparticles. In 

such cases the grain growth in the preform in the presence of small amounts 

of the dopant was the dominant factor deciding the microstructure. Because 

of the low reactivity of the system, Ba-Ce-O compound was effective in 

refining Y-211 grains only when it was in large concentrations.  
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 Chapter-IV 

Superconducting properties of YBCO Nanocomposites 
 

4.1. Introduction 

In the earlier chapter we had discussed the macro- and 

microstructures of IG processed YBCO with ceria, zirconia and Ba-Ce-O 

additions. Dramatic differences were observed in the macro- and 

microstructures based on the nature of the additives and their concentration. 

In this chapter, we present results of current density measurements on the 

above samples and attempt to correlate them to the observed 

microstructures.  

4.2. Superconducting properties of Ceria dope YBCO nanocomposites 

The current densities (Jc) supported by the samples Ce-2, Ce-5 and Ce-

10 (see Section 3.2 of Chapter III, for an explanation of the nomenclature) as 

a function of applied magnetic field, were estimated from magnetic 

hysteresis loops recorded at different temperatures using a PPMS facility.  

The Jc(H) obtained in samples Ce-2, Ce-5 and Ce-10 at 65 K and 77 K 

are shown in Figs. 4.1 (a) and (b) respectively. The Ce-10 sample shows the 

best performance and Ce-5 the worst. Since, the observed variation in Jc(H) is 

not systematic with ceria content; we have repeated the complete 

experiment and confirmed that such an anomalous Jc(H) behavior of the Ce-5 

sample is reproducible.  
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Fig. 4.1. Jc is plotted against applied magnetic field for the samples Ce-10 (red), Ce-2 
(blue) and Ce-5 (green) at (a) 65 K, and (b) at 77 K.  

The Jc versus H, (Jc(H)) curves,  obtained in the Ce-10 sample at 

different temperatures are plotted in Fig. 4.2. We note that the current 

densities observed in the sample do not decay substantially even up to 9 T at 

77 K. The observation of flat Jc(H) to high fields at 77 K is similar to that 

reported in the un-doped POIGP (Ce-0) sample which showed a zero field Jc 

of 19 kA/cm2 at 77 K [1].  

 

Fig. 4.2.  Critical current density versus applied magnetic field is plotted for the Ce-
10 sample at different temperatures.  
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It has been proposed [2] that the current density obtained in 

superconducting samples can be correlated to the size of the flux pinning 

defects occurring in them, as per the following equation:  

 H୮ = ଶ∅బ
√ଷ(ୟ౜)మ

---------------- (4.1) 

where Hp is the peak field at which the maximum pinning occurs,  ∅଴ is the 

flux quantum and a୤ is the vortex lattice spacing. 

It has been proposed that the observed high current density in the 

POIGP samples to high fields is a result of flux pinning defects occurring in 

the sample spanning wide size ranges [1]. The high values of Jc near 9 T in Ce-

0 sample was correlated to the occurrence of wide spread twinning in the Y-

123 matrix. Such twins were observed by FESEM. Their presence was also 

revealed by EBSD. The EBSD also suggested that the occurrence of fine 

defects around the Y-211 particles was associated with dense distribution of 

fine Y-211.  Transmission electron microscopy studies [3] on the Ce-0 sample 

revealed the presence of still finer defects ~15 nm starting at the twin 

boundaries. The Ce-10 and Ce-2 samples show Jc values almost independent 

of H up to 9 T at 65 K, just as the Ce-0 sample. This might be correlated with 

the fine grain ( 0.5 µm) size of the Y-211 and a narrow distribution in Y-211 

size in Ce-10, shown in Fig. 3.11. Similar microstructure but with a Y-211 

distribution in larger size range ( 1 µm) was observed in Ce-2 sample. Fig. 

4.3 shows twinning in all the CeO2 doped samples. Absence of macro defects 

and presence of homogeneously distributed Y-211 and nanoparticles and the 

resultant twinning in Ce-2 and Ce-10 samples account for the observed flat Jc, 

being almost independent of H up to 9 T at 65 K. Further discussion can be 

found in section 4.4. 
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Fig. 4.3. Twinning is observed in all CeO2 doped YBCO nanocomposites (Ce-2, Ce-5 

and Ce-10).   

The electrical resistivity and ac susceptibility of the samples Ce-2, Ce-

5 and Ce-10 were measured as a function of temperature following the 

procedures discussed in Chapter II, Section 2.6. and 2.7.1. The results are 

shown in Figs.  4.4 (a) and (b) respectively.  

 

Fig. 4.4. (a) The electrical resistivity, and (b) the real part of ac susceptibility of the 
samples Ce-10 (red), Ce-2 (blue) and Ce-5 (green) are plotted with respect to 
temperature.   
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A shift in the diamagnetic transition to below 92 K and considerable 

width of the transition in ' vs. T can be observed predominantly in Ce-2 and 

Ce-5. An examination of the curves, in Fig. 4.4, show that in the Ce-10 sample, 

there is a considerable amount of Y-123 phase with Tc close to 92 K, whereas 

in Ce-2 and Ce-5 samples, substantial part of the material consists of lower Tc 

phases. This can possibly be attributed to the dissolution of Ce in the Y-123 

phase forming solid solutions having lower Tc. 

In Fig. 3.20 of Chapter III, it was observed using elemental mapping 

that the outer regions of the Y-211 grains contained ceria. Such regions 

dissolve in the liquid phases to generate a matrix of Y-123 containing some 

amount of cerium. Cerium substitution in Y-123 lowers the Tc as can be seen 

in Fig.  4.5 [4].   

 

Fig. 4.5. The figure shows that the addition of ceria and Pt to Y-123 lowers its 
superconducting transition temperature [4]. The effect is less pronounced with Pt 
addition, and this suggests that the Jc of Pt-containing samples are likely to be 
seriously affected by the additive. We note by comparing the present figure with 
Figs. 4.4 (a) and (b) of measurements in our samples that the Ce-10 sample retains 
considerable volume of Y-123 without ceria dissolution.   It might be noted from Fig. 
3.6 that the ceria nanoparticles in the preform used for the fabrication of the Ce-10 
sample grow into much fewer number of nano-rods, which get converted to barium 
cerate particles during the IG process. This leads to localization of ceria distribution 
in the Y-123 matrix of the Ce-10 sample. 
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Ce was detected by elemental mapping in the Y-123 phase in the 

regions close to the Y-211 grains. The lower current densities observed in the 

Ce-2 sample in comparison with the Ce-10 sample, and the relatively lower 

current densities of both the Ce-10 and Ce-2 samples in comparison with the 

Ce-0 sample, might be attributed to the presence of significant amount of low 

Tc phase containing cerium dissolution in the 123 phase.   

The difference in the behavior of the Ce-5 sample can be traced to the 

nature of the preform used in fabricating it. The SEM micrographs of Y-211 

preforms with varying amounts of ceria nanoparticles, after 4 h at 950 oC, are 

reproduced from Chapter III (Fig. 3.6) in Fig. 4.6 for convenience of 

discussion.  

 

Fig .4.6. The micrographs in the top row show from left to right, the preforms used 
in the fabrication of the Ce-2, Ce-5 and Ce-10 samples, respectively. The preform 
used in the fabrication of the Ce-2 sample has the least amount of ceria and retains 
its porosity. In the preform used for the fabrication of the Ce-10 sample, the porosity 
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is retained because the ceria nanoparticles fuse among themselves to form ceria 
nano-rods. In the preform used in the fabrication of the Ce-5 sample, the Y-211 
particles have fused together in the presence of ceria, eliminating continuous 
porosity needed for liquid phase entry.   

It can be observed that the preforms with 2 and 10 wt. % of ceria 

nanoparticles have enough porosity to facilitate infiltration of liquid phases 

during the IG process, but in the preform with 5 wt. % ceria nanoparticles, 

the Y-211 particles are nearly fused blocking the entry of liquids. As 

schematically shown in Fig. 4.6, the sample with 10 wt. % of ceria is able to 

retain porosity because of the tendency of the ceria particles to grow into 

nano-rods, a few hundreds of nanometers long, with a diameter of 40-60 nm. 

The formation of the nano-rods makes the preform porous.  

The mechanism proposed above for the difference in the behavior of 

the Ce-5 sample is supported further in Fig. 4.7. In the Infiltration Growth 

experiments, a Y-123 pellet, which served as a source of liquid phases, was 

kept on top of the Y-211 preform. After the liquids infiltrate the preform at a 

few tens of degrees above the peritectic formation temperature of Y-123, the 

Y-123 pellet would shrink considerably. This is shown schematically in Fig. 

4.7 (a). In Figs. 4.7 (b) and (c), we show the Ce-10 sample after the IG 

process. It can be observed that the Y-123 pellet on top has shrunk 

considerably and the Y-211 pellet retained has its size as expected. In Figs. 

4.7 (d) and (e), it can be seen that in the case of the Ce-5 sample, there is not 

much shrinkage of the Y-123 pellet. This shows that the liquid phases were 

unable to infiltrate into the Y-211 preform in this case due to the fused Y-211 

particles reducing its porosity.     
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Fig. 4.7. (a) A side view of the arrangement used in the IG process is shown 
schematically.  After melting and infiltration of the liquid phases into the Y-211 
preform the 123 pellet shrinks. In (b) and (c) the side and top views respectively, of 
the Ce-10 sample are shown after IG processing. The observed shrinkage in the top 
Y-123 pellet is due to infiltration of liquid phase from Y-123 into the Y-211 perform, 
can be observed. (d) and (e), which show the side and top view respectively of the 
Ce-5 sample demonstrates the fact that the Y-123 pellet had not shrunk after the 
experiment suggesting that the entry of liquid phases into the Y-211 perform was 
blocked in this case. 

Fig. 4.8 shows the FE-SEM image of the Ce-5 sample in comparison 

with those of the Ce-2 and Ce-10 samples at the same magnification. It is 

observed from the low magnification picture of the Ce-5 sample that there is 

considerable amount of macro-porosity occurring as a result of improper 

infiltration. On the other hand the Ce-2 sample shows very little porosity, and 

the Ce-10 sample, almost none at all.  
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        (a)      (b)                   (c) 

Fig. 4.8. It can be observed that there are very few macroscopic defects in the (a) 
Ce-2 sample and (c) the Ce-10 sample.  (b) Large areas with macroscopic defects 
can be observed in the Ce-5 sample due to improper liquid phase infiltration.  

Table 4.1 summarizes the information on the defect sizes in the 
samples Ce-2, Ce-5 and Ce-10. It can be observed from the Table that 
Ce-5 sample shows the maximum amount of porosity and also the 
maximum values for the inter platelet gaps. The size and quantum of 
defects then decrease in the order Ce-2 to Ce-10. The superconducting 
performances of the samples also decrease in the same order. 

  Y-211 Avg. 
size 

Porosity (%) Platelet  width 

Ce-2 1-2 μm 7 2-5 μm 
Ce-5 1 μm 16.5 10 μm 

Ce-10 0.5 μm 1.5 500 nm 
 

4.3. Flux pinning force  

Flux pinning forces (FP) [5] are calculated from the Jc vs. H graphs at 

65 K and 77 K for the Ce-2, Ce-5 and Ce-10 samples, using the following 

equation  

F୮ = 	 Jୡ	x	μ଴H ---------------- (4.2) 

Fp is plotted as function of the applied field at 65 K and 77 K in Figs. 

4.9 (a) and (b) respectively. 
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Fig. 4.9.  Flux pinning forces (FP) are plotted as function of the applied field at (a) 65 
K and (b) 77 K, for the Ce-2 (green), Ce-5 (blue) and Ce-10 (red) samples.  
 

The flux pinning force in the Ce-10 sample which has extremely fineY-

211 grains and also wide-spread twinning, shows very high levels of flux pinning 

in comparison with the Ce-2 and Ce-5 samples, and the flux pinning in the Ce-10 

sample peaks at relatively high magnetic fields at 65 K and in a broad range of 

fields at 77 K.  

4.4. Flux profile studies  

In the discussion of the observed Jc(H) of the Ce-2, Ce-5 and Ce-10 

samples in the above section, we observe that the Jc(H) is strongly dependent 

on macroscopic features such as porosity and other kind of defects like 

platelet gaps, which might be considered as weak-links. Experiments on flux 

penetration into the sample on application of magnetic field would be of 

interest in exploring the role of such weak-links on the Jc(H) of the sample. 

The experiment consists of applying a dc field (in the order of Teslas) and 

then studying the flux penetration into the sample by using an ac field as a 

probe.  In order to understand flux penetration at various dc fields into the 

present samples, flux penetration depths were calculated from the real part 
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of ac susceptibility measured in the Ce-10 and Ce-2 samples with increasing 

amplitude of ac field. Flux penetration depth (p/R) is determined using the 

formula suggested by Campbell [6], which is given below 

p
Rൗ = 1− ට− ଵ

୩
ୢୗ
ୢୌ౗ౙ

																	---------- (4.3) 

p/R is the normalized penetration depth where R is the radius of a 

cylindrical sample and p is the depth to which magnetic field has penetrated.  

An external dc field (Hdc) and a small superimposed ac field (Hac) parallel to 

the longest axis of the sample are applied. The induced signal in the 

secondary coils (with one of the two coils containing the sample) is fed to a 

lock-in amplifier and the in-phase signal (S) is measured as a function of ac 

field amplitude.  

The above experiments were carried out at 77 K using the PPMS 

facility. In Fig. 4.10, we plot the variation in p/R, computed using Eq. 4.3, 

against the ac field amplitude for the Ce-10 sample at different applied dc 

fields which exhibit different lines shifted along the p/R axis. The intercept of 

the lines on the p/R axis gives po/R which is a measure of reversible fluxoid 

motion through the sample discussed in literature [7]. The entry of flux into 

voids and cracks contributes to a finite p0/R, which is a shift along the p/R 

axis. In textured high Jc superconductors there are different types of weak-

links like domain boundaries, platelet gaps, and presence of low Tc phases in 

the path of shielding current loops. Flux enters these weak-links at different 

applied field strengths depending on the distribution and nature of the weak-

links and their Jc. In a sample containing superconducting materials of 

varying Tc, such ‘voids’ might also be constituted by regions of the sample 

gone normal at the applied dc field. Regions of stronger flux pinning do not 

contribute to reversible fluxoid motion or shift along p/R axis. This causes a 
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continuous variation of po/R with increase in dc field.  A finite value of po/R 

under a constant dc field suggests that the flux has already entered the 

sample to a finite depth and application of ac field induces further entry as 

described by the lines shown in Fig. 4.10 for Ce-10 sample. 

 

 
Fig. 4.10.  A plot showing Normalized magnetic flux penetration depth (p/R) into 
the Ce-10 sample on the X-axis, with the applied ac magnetic field on the Y-axis. The 
graphs correspond to observations at various applied dc fields, from 0 to 8 Tesla 
towards the right. R is the radius of the sample; p is the depth to which the magnetic 
flux penetrates into the sample. 

 

In Figs. 4.11 (a) and (b), we compare the variation in po/R with the dc 

field strengths for the Ce-10 and Ce-2 samples, respectively. Distinct changes 

in the slope can be observed in both the figures.  A slope change suggests that 

the flux is starting to enter a different region in the sample with a different Jc.  

In Ce-10, (Fig. 4.11 (a)), at low applied dc fields (0 - 0.5 T), the flux penetrates 

into ~2 % of the sample, suggesting a low Jc region that allows flux 
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penetration at low fields. At higher dc fields (0.5-7 T), the flux continues to 

enter into weak-link regions of higher Jc, penetrating up to 20 % of the 

sample. Beyond 7 T, there is a further slope change indicating much slower 

flux entry between 7–9 T, with an increase from 20 to 22 % of the sample 

penetrated by 9 T. In contrast, in the Ce-2 sample, Fig. 4.11 (b) shows only 

one slope change at low fields, and the flux entry is much more and is up to 

36 % of the sample at 9 T. An understanding of this behavior is attempted in 

comparison with the microstructural features observed in Figs. 4.12- 4.13, 

recorded at different magnifications.  

 

Fig. 4.11.  po/R, a measure of flux penetration into YBCO matrix at 77 K, is plotted 
versus applied dc magnetic  field (a)  for the Ce-10 and (b) for the Ce-2 samples.  

The initial high slope regions in the po/R versus Hdc plot, indicating 

easy entry of flux, and observed at low fields, might be associated with flux 

penetration into regions such as cracks and voids. Flux penetration up to 6 % 

in Ce-2, in contrast to 2 % in Ce-10, can be correlated to the higher porosity 

levels in Ce-2 sample as can be seen in Figs. 4.12 and 4.13.  
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Fig. 4.12. FESEM micrographs obtained on Ce-2 and Ce-10 samples at a 
magnification of 500 X, shows macro defects such as pores, cracks etc. In Ce-2, large 
pores (~5 μm) and cracks can be seen almost through the entire field  of view in the 
smaple accounting for nearly 5-7 % of macro defects, whereas in Ce-10, very fine 
pores and cracks are seen acounting for a smaller percentage (1.5-2 %) of macro 
defects.   

The region between 0.5 and 9 T for Ce-2 in Fig. 4.11 can be associated 

with progressive flux entry into the lower Tc region, more of which turns 

normal with increasing dc field, and increases to 40 % of the sample at 9 T. 

Amount of lower Tc phases is considerably large in Ce-2 compared to Ce-10 

as was seen in Fig. 4.4 (b). In the case of Ce-10, the lower Tc phases are less in 

volume in comparison with the high Tc component, and this accounts for the 

lower flux penetration of 22 % into Ce-10 at 9 T. Much slower rate of flux 

entry between 7 T to 9 T in the Ce-10 sample is possibly associated with flux 

entry into the high Tc (~92 K) matrix seen only in the Ce-10 sample (see Fig. 

4.4).  
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Fig. 4.13. Micrographs shown in the upper row are obtained at a magnification of 
5000 X for both Ce-2 and Ce-10 samples. Ce-2 shows platelet cracks which are not 
seen in Ce-10. The micrographs shown below are obtained at a magnification of 
20,000 X for Ce-2 and Ce-10; they show large plateelet gaps in Ce-2, and very fine 
platelet gaps in Ce-10 and most of the platelet gaps in Ce-10 are fused.  

In Fig. 4.14, the Jc(H) of the IG processed Y-123 sample containing 10 

wt. % zirconia nanoparticles is plotted in comparison with that of the Ce-10 

sample. The perfomance of the Zr-10 sample is poor; and the performance of 

samples containing lower amounts of zirconia were even poorer. It is evident 

from the microstrures of the samples in Fig.3.9, that the poor performance of 

the zirconia containing samples might be attributed to excesssive Y-211 

grain growth at the preform formation stage. This had made it difficult for 
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the liquid phases to enter uniformly into the preforms leading to large grain 

growth for the Y-211 phase.   

 

Fig. 4.14.  Jc versus H of the IG processed Y-123 sample containing 10 wt. % zirconia 
nanoparticles is plotted in comparison with that of the Ce-10 sample, at 77 K. 

In Fig. 4.15, we plot the critical current densities obtained in the 

samples containing 0.1 wt. %, 0.5 wt. %, 3 wt. % and 10 wt. % Ba-Ce-O 

nanoparticles.  

 

Fig. 4.15. Variation of Jc with H at 77 K,  in YBCO composites fabricated from 
preforms containing various amounts of Ba-Ce-O nanoparticles; 0.1 % (green), 0.5 
%(blue) 3 %(dark blue) and 10 %(red) in weight with respect to Y-211. 
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It might be recalled from Fig. 3.26 (reproduced in Fig. 4.16) that the 

sample with the smallest amount of Ba-Ce-O had the least favorable 

microstructure to support high current densities; the sample had large Y-211 

grains generating isolated colonies of short Y-123 platelets in different 

orientations. By comparing with the preform microstructure, we had 

concluded that the particle refinement caused by small amounts of Ba-Ce-O 

was not sufficient to bring down Y-211 sizes substantially. In samples with 

higher Ba-Ce-O content, we find that, with increasing Ba-Ce-O content, the Y-

211 size becomes more and more refined and the grain structure of the Y-

123 with long parallel platelets is restored back in the case of Ba-Ce-O-10, 

which also showed better performance in field dependence of Jc.       

 
Fig.4.16. FESEM micrographs obtained on YBCO samples with 0.1 %, 0.5 %, 3 % and 
10 % of Ba-Ce-O nanoparticles at a magnification of 2,000 X.  
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4.5. Conclusions 

Melt processed YBCO containing Pt, CeO2, ZrO2 and BaCeO3 have been 

widely studied because of the ability of these additives to considerably refine 

Y-211 grain size in the final product [8-11]. The grain size refinement is 

expected to result in enhanced current densities in the materials. However, 

the observed results were not absolutely systematic with the dopant 

concentration and there were considerable differences based on the 

processing route. For instance, in the samples differently processed in the 

presence of Pt, grain refinement of Y-211 was observed in some cases and 

was not observed in some other cases [8]. It was observed that in the 

samples where the initial processing led to Y-211 grain growth, Pt was not 

effective in reducing the Y-211 size later on. Also, the current densities 

reported in the samples are widely scattered based on the processing route. 

In experiments reported in the present thesis, we find that even very 

small amounts of ZrO2 and Ba-Ce-O additives cause substantial deterioration 

in the current densities in comparison with that obtained in undoped IG 

processed samples. A dramatic effect is observed in the sample containing 

only 0.1 % of Ba-Ce-O; in this case the microstructure of the IG processed 

sample gets close to that of a sintered sample and the current densities drop 

to very low levels.  The additives, when present in larger amounts, improve 

the current densities supported by the samples substantially. These 

observations can be explained by the fact that, even with very small amount 

of these additives, Y-211 particles in the preform fuse leading to considerable 

Y-211 grain growth. The effect of more amounts of additives is to divide the 

Y-211 grains into smaller particles by a process discussed in Chapter-III. The 

fusing and grain growth of Y-211 can also affect the liquid phase entry into 

the preforms and affect the performance of the samples. The behavior of the 
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sample containing 2 wt. % of ceria was somewhat different; in this case 

reaction between Y-211 grains and their fusing in the preform was not as 

much as in other samples. Therefore, Jc versus H for Ce-2 samples was 

relatively better. The Ce-10 sample also did not lose porosity in the preform 

because of the formation of ceria nano-rods;  thereby the infiltration of liquid 

phases into the preform was good, and also the starting grain size of the Y-

211 particles were close to that of particles in the powder used, i. e. ~1 µm. 

Hence, the Y-211 particles in IG processed Ce-10 sample were much smaller 

than in the Ce-0 sample, i.e. in the IG processed sample without any additives.  

It might be noted that a Y-211 distribution finer than what is obtained in the 

Ce-10 sample has not been generated in MG or IG processed samples until 

now. We observe that the current densities in these samples remain flat up to 

9 T magnetic field and the irreversibility field is better than 9 T at 77 K. This 

is attributed to the presence of the very fine second phase particles present 

in it and because of extensive nano-twinning.  However, in spite of 

substantial refinement of Y-211, there is no remarkable improvement in Jc in 

Ce-10 sample over that in the Ce-0 sample.  

The lowered Jc in the doped samples, in spite of a ‘favorable’ 

microstructure, might turn out to be a difficult problem to solve; it results 

from lower Tc of the Y-123 phase with the dopant dissolved in it. It is 

therefore likely that the method that we have developed in this thesis to 

distribute nanoparticles individually and separately in the preform will be 

more attractive in the case of nanoparticles which do not react with Y-211 or 

Y-123; an example would be nanoparticles of Gd-211 and NbO3 which have 

been introduced into melt processed NEG-123 system to dramatically 

improve its Jc, as discussed in the literature [12].   
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  Chapter-V 

Shape forming of YBCO superconductors 
 

5.1. Introduction 

In the earlier chapters, we have discussed the introduction of nano-

sized inclusions into YBCO matrix in IG processing. It is of interest to have a 

near net shape processing technique which is compatible with the slurry-

based processing technique developed therein. Some of the potential 

applications of bulk REBCO high temperature superconductors are as 

magnetic shields ,  tubes carrying high currents for use as fault current 

limiters, large flat disks for use as levitation platforms , vibration dampers , 

transmission antennas etc. Fabrication of YBCO into different shapes is of 

particular interest from the view point of a large number of possible practical 

applications.  

Gelcasting is a well established ceramic processing technique enabling near-

net shape fabrication. In this chapter, we have extended the technique to the 

fabrication of high current density near net shaped superconductor parts.  

5.2. Shape forming techniques for ceramics 

YBCO is a black ceramic powder. There are various techniques 

employed for the fabrication of ceramic products. Some of them are:  

Pressure casting: Green bodies are processed by compacting ceramic 

powders under pressure. A small amount of binder, added to the powder 

holds the particles together so that the green body maintains its shape after 

removal of the pressure. Uniaxial pressing, cold and hot isostatic pressing are 

very widely used variants of pressure casting technique. Uniaxial pressing is 
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limited to fabrication of simple shapes and any change in shape/dimensions 

requires new set of dies. Cold/ Hot isostatic pressing can deliver complex 

shaped products [6-7] than uniaxial pressing but it is quite expensive for 

small scale productions. Pressure casting cannot be integrated to modern 

and advanced techniques such as rapid prototyping. 

Slip casting:  Suspension of colloidal powders in an immiscible liquid, 

usually water with help of dispersants is called slip. In slip casting a slip is 

cast into a porous mold, usually made of plaster .Capillary suction draws the 

liquid into the mold and leaves a layer of particles deposited against the walls 

of the mold. Pressure can be applied to the mold to increase the rate of 

deposition. Hollow objects can be made by allowing a certain layer thickness 

to form before draining the rest of the slip from the mold. Solid objects can be 

made by allowing the whole volume to solidify. Slip casting is an economical 

process for the fabrication of objects such as crucibles and chinaware. A 

disadvantage of this method is that it is relatively slow, taking tens of 

minutes to hours to cast a part. 

Injection molding: Ceramic injection molding is similar to plastic 

injection molding. A heated powder and binder mix is forced into a mold under 

pressure and allowed to cool before being removed from the mold  A polymer or 

wax binder is usually used for injection molding and this produces high strength 

green parts, but the drying and burnout steps are long and difficult. The die can 

also be expensive and usually has long lead times. Die life will be shortened by 

the abrasive nature of the materials used. 

Gelcasting technique: Gelcasting is a generic process. In this process, 

high-quality complex-shaped ceramic parts were formed by in-situ 

polymerization through which a macromolecular network is created to hold 

the ceramic particles together. Unlike injection moulding, gelcast parts have 
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low polymer content and hence can avoid complicated binder burnout 

process. Gelcast green bodies additionally have uniform density and high 

mechanical strength, which is of great advantage for handling the parts 

before firing and especially for large castings. Additionally, this process does 

not involve use of expensive machinery which causes a drastic reduction in 

the overall cost and energy [10-14].  The compatibility of the process with 

wide range of mold materials and mold type opens up a range of options for 

shaping: staring from simple sand molds to complicated rapid proto-typing 

(RPT) molds. 

Table 5.1. Advantages and disadvantages of various ceramic processing 
techniques. 
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In the context of the discussion above, we note that none of the 

processes above can be directly applied to Y-123, as subsequent melt 

processing to generate a microstructure that supports high current density 

will shrink and distort the product. An alternative is to fabricate Y-211 into 

the required shape and to use it as a preform in the IG process. Y-211 does 

not react with water and hence water-based processing routes are feasible. 

When complex shapes are desired, one can use the computer-based 

manufacturing technique of rapid prototyping to manufacture the 

preform/mold.  Such molds can be used in conjunction with the gelcasting 

technique to manufacture useful components. The technique will integrate 

with relative ease with the NDSC process for the introduction of 

nanoparticles into IG processed Y-123 product.  

In the present work, we have first standardized the gelcasting 

technique and Rapid Prototyping procedure using alumina as a prototype 

material. This process was also extended to tungsten products. Procedures 

appropriate for shape forming Y-211 preforms were subsequently optimized. 

Various experimental methods involved in the optimization of gelcasting are 

discussed in section 2.5 of chapter II.  

5.2.1. Gelcasting of Al2O3 

Gelcasting technique was invented by Janney and Omatete  by 

combining ideas from polymer chemistry and ceramic processing techniques. 

The ease of making complex parts of ceramic materials through gelcasting 

technique has drawn lot of attention for fabricating functional ceramic 

components . Fig 5.1 shows the flow chart for the gelcasting process which 

was discussed briefly earlier in Section 2.5 of chapter II.  
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Fig  5.1. A schematic representation of gelcasting process.  

The crucial element of the gelcasting process is to identify the 

characteristics of powder, finding out the best dispersing agent to get a free 

flowing slurry with high solid content (~50 vol. %) and understanding the 

binder removal process.   

Alcoa alumina A16SG of specified particle size 0.34μm and a locally available 

alumina powder from NALCO, India were used in our experiments. 

Dispersants such as  DARVAN 821A, DOLAPIX PC21, DOLAPIX PC75, 

DOLAPIX A88, PRODUCT KV 5068, PRODUCT KV 5166 were obtained from 

Zschimmer & Schwarz, Germany. Surface areas of the Alcoa alumina as well 

as of the other locally available alumina (1-3μm) were measured using a BET 

surface area analyzer and the details of the measurements are given in Table 

2. 

Table 2. Surface area analysis of the alumina powders by the BET technique. 

sample Particle size in μm Surface area m2/g 
Aloca alumina A16SG 0.34 10.4 
NALCO alumina  1-3 1.337 
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Surface area of the particles play major role in slurry-based 

processing techniques as the suspension of the powder in a suitable fluid 

using a dispersant is a phenomenon dependent on the surface characteristics 

of the powder. A 30 vol. % slurry of the alumina along with 1.5 wt. % of each 

of the above said dispersants were made and sedimentation tests were 

carried out to find the most suitable dispersant. The sedimentation tests give 

an approximate idea on the best dispersant and powder combination. 

DARVAN 821A was found to be best dispersing agent for alumina powder 

from the sedimentation test.  

 

 Fig, 5.2.  Zeta-potential of alumina slurry as a function of pH with different 
dispersants.         

 Zeta potential on the alumina particles with the best 

dispersant (Fig 5.2), at different pH values was measured to ensure that the 

pH of the slurry is away from the isoelectric point.   

  Viscosity of the slurries was also measured using a Brookfield soft 

solid tester viscometer as shown in Fig 5.3. Fig 5.3 (a) shows the viscosity of 

the alumina slurry with different concentration of dispersants at a fixed 

sheer rate. It was noted slurry with 1 wt. % dispersant has minimum 
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viscosity and the slurry became more viscous by either increasing or 

decreasing the dispersant content from the optimal value of dispersant. As 

the dispersant content is increased from zero, more and more particles in the 

slurry get coated and start dispersing in the slurry, which aid in smooth flow 

of slurry till it reaches the minimum value of viscosity where all the particles 

are coated with the dispersant. Further addition of dispersant in the slurry 

starts entangling the dispersed particles and forms agglomerate, which 

hinder the flow of slurry and increase the viscosity. Fig. 5.3(b) shows a flow 

curve of the alumina slurry with solid loading of 55 vol. %., achieved by 

adding 1 wt. % of DARVAN 821A.   

To prepare a highly loaded slurry, alumina powder with dispersant 

was tumbled along with the premix solution containing monomer and cross-

linker, in a homemade tumbler mill in a polyethylene container. Alumina 

balls of 10mm diameter were used as milling media. The ratio of alumina 

powder to the milling media was kept at 1:1.5 by weight so as to get a 

uniform slurry without reducing the particle size. The mixture was tumbled 

for about 12 hours to get a uniform slurry.       

 

(a)                                                     (b) 

Fig. 5.3. (a) Optimization of dispersant content and (b) Viscosity of 55 vol % 
Alumina slurry with optimal dispersant content. 
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Air bubbles usually get entrapped in the slurry because of prolonged 

tumbling. They can, if allowed to remain in the slurry, result in pores and 

voids in the final product. These trapped air bubbles were removed by de-

airing the slurry in a home-made de-airing unit. 0.1ml of APS (10 wt% 

solution) was used to initiate the polymerization reaction and 0.1 ml of 

TEMED was used as catalyst to promote controlled polymerization process. 

The slurry was poured into a mold fabricated using ABS plastic shown in Fig. 

5.4, right after the polymerization reaction in the slurry started.  

 

Fig. 5.4. A Mold prepared by ABS plastic to fabricate aerofoils, to demonstrate the 
possibility of fabrication of a complex-shaped object with thicker and thinner cross-
section. 

  Drying is the one of the most important steps in the gelcasting process 

as ~50 vol. % solvent, in the present case water; need to be removed from 

the gelled parts. Non-optimal drying can lead to cracks and distortion as 

discussed in section 2.5.3 of chapter II. Drying process was optimized in a 

humidity controlled environment. The samples were dried in high humid 

atmosphere (~95%) at 50 oC for 24 hours so that the rate of water removal 

from the gelled part will be minimal which will give enough time for the 

polymer network to set and strengthen. Further drying was done in a 

relatively low humid atmosphere at higher temperatures. It takes nearly 60-

70 hours to remove the water completely form the gelled parts.   
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The next crucial part of gelcasting is removal of organic binders. In the 

present study the binders are removed by thermal debinding where the 

dried gelcast green part is heat-treated above the decomposition 

temperature of binders to expel the binders. The heat-treatment schedule is 

planned according to the decomposition behavior of the binders. Thermo-

Gravimetrical Analysis (TGA) was performed on gelcast performs to get the 

decomposition temperature of the organic binders used in the present 

investigation. The TGA plot (shown in Fig 5.5) shows a fast decrease in the 

weight of the preform up to 400 oC and then onwards a no loss in weight was 

observed. The debinding schedule for gelcast preforms is as follows, up to 

400 oC a slow heating rate of 0.5 oC/min maintained for steady 

decomposition of binders and then up to 600 oC the rate of heating was 

increased to 1 oC/min, followed by dwell at 600 oC for 2 hours to complete 

the removal of binders from the preforms. 

 

Fig.  5.5. TGA of Gelcast alumina preform shows the binder burn out process is 
completed at 400 oC.   

The debinded samples were sintered at 1680 oC in a Nabertherm 

furnace, a heating rate of 5 0C/min. was used. After a dwell of 2 h at 1680 oC, 
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the samples were furnace cooled. An SEM micrograph (Fig 5.6) shows a 

100% dense alumina sample with no porosity. No crack or pores were seen 

in the final micrograph.             

 

Fig.  5.6. Micrograph of sintered alumina processed through gelcasting rout, 
showing zero porosity and uniform microstructure. 

5.2.2. Rapid prototyping of Al2O3 

In order to demonstrate the feasibility of making complex ceramic 

parts out of  the gelcasting process, complex molds of wax and plastic 

fabricated by the rapid prototyping technique. One such mold is shown in Fig 

5.4. An aerofoil-shaped mold was chosen initially so as to study the 

parameters affecting the fabrication of complex components with varying 

thicknesses and curvatures. 

A CAD image was developed of the desired mold and fed into a rapid 

prototyping machine. In the present work, a commercially available Rapid 

Prototyping machine (STRATASYS-make, Model FDM 3000), using the Fused 

Deposition Molding method (FDM), was used to fabricate sacrificial moulds 

having the negative shape of the desired structure. Two types of materials in 
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wire form were used as feedstock. These were melted and deposited layer-

by-layer under computer control, guided by the CAD model fed into the 

computer. In each pass, a layer of 0.25 mm thickness was deposited. The RPT 

process is outlined in Fig. 5.7.  

 
Fig. 5.7. A schematic of mold and final product making process through rapid 
prototyping method (a) Layer by layer deposition of mold and support material (b) 
top row shows various stages of RPT to fabricate molds through layer by layer 
deposition of mold material and support material, support material is deposited in 
the hollow region to give additional strength. After the mold is fabricated support 
material is removed and filled with part material.  

One of the materials was chosen to be water-soluble and was used to 

build support structures. The support structures were subsequently 

removed by leaving the molded part in water, mixed with a proprietary 

powder material supplied by STRATASYS, under ultrasonic excitation, at 60 
oC for several hours, the duration being dependent on the complexity of the 

internal cavities. After several trials, the mould design was finalized in such a 

way that it was essentially a shell of plastic with a wire mesh of plastic 

internally supporting the shell. Fig 5.8(a) shows the CAD model of an object 
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made in the present study. Fig 5.8(b) shows a CAD picture of the mould 

showing the final design adopted by us. It consisted of a shell supported by a 

wire-mesh like structure. Such a design reduced the use of material and also 

made the dissolution of the mould at a later stage trouble-free.  The mould 

thus prepared was treated to avoid leaks of the highly fluid slurry. Complex 

alumina parts were then prepared successfully by casting alumina slurry into 

the mold. 

 

Fig. 5.8. (a) CAD model of a trial rotor (b) CAD image of the rotor mold, which was 
fed to the RPT machine to fabricate molds for rotor .  

Highly loaded slurry of alumina was prepared and poured into these 

RPT mold. As these molds are complex with thick and thin parts, the drying 

process and drying time was modified. Above all, the mold releasing of these 

complex parts with intrinsic detail was studied carefully. Different 

approaches like burning and dissolution of the mold were studied. Debinding 

and sintering of the green component obtained after the mold removal were 

done as per the schedule described earlier.  Final complex alumina parts 

fabricated by Gelcasting and RPT were shown in Fig 5.9.   
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Fig. 5.9. Final complex shaped product fabricated through integrating gelcasting 
process with Rapid prototyping technique .  

 
5.2.3.  Gelcasting of W  

After successfully fabricating very complex shaped parts from 

alumina (Fig.5.9), the gelcasting process was extended to metal powders 

such as tungsten and stainless steel. The whole exercise of identifying 

suitable dispersant, optimal dispersant content and modification to 

gelcasting process, were done to obtain defect free SS, tungsten and tungsten 

heavy alloy parts (Fig. 5.10).  
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Fig. 5.10. Tungsten and SS metal products processed through gelcasting technique. 

One of the advantages of gelcasting tungsten is the control over final 

densities and porosity, which can be explored to process porous tungsten 

parts. A dispenser cathode used in high energy microwave tubes (Fig. 5.11) is 

one such application where continuous porosity to locate electron emitter 

compounds is needed in 80% dense tungsten parts. 

 
Fig. 5.11. Sintered and machined tungsten rod and tungsten cathodes processed 
through gelcasting technique. 
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Gelcasting process could successfully render cathode with desired pore 

morphology, size distribution and pore density. Fig. 5.12 shows that the final 

density increases with increase in solid loading in the slurry.  

 
Fig. 5.12. Final density of tungsten is plotted against the solid loading of the slurry it 
was found that final density increases with increase in solid loading in the slurry.  

Fig. 5.13 shows the microstructure of porous tungsten processed 

through gelcasting technique. No macro-defects were observed at lower 

magnification of 250 X and at higher magnification of 1000 X. Continuous and 

uniformly distributed pores of the size 2-5 m were observed, which is 

essential for W-cathode applications. 

 
(a)    (b) 

 Fig. 5.13. Micrographs obtained on gelcast tungsten in SEM at a magnification of 
250X (a) shows uniformity in the distribution of fine pores and at 1000X (b) 
continuous pores of 2-5 m size can be observed.  
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5.2.4. Larger W-parts through gelcasting 

In the previous sections fabrication of complex alumina parts and 

tungsten rods and cathodes, which are of smaller dimensions, were 

discussed. In order to explore the ability of gelcasting technque in fabricating 

larger components, tungsten nose tips for rockets, each weighing around 5-7 

kgs were fabricated. After tuning the process parameters, especially the 

drying stage, tungsten nose tips as shown in Fig5.14 were fabricated.    

 
Fig. 5.14. Development of tungsten nose tips used in missiles, to demonstrate the 
potential of gelcasting technique in fabricating large components. 

 
The gelcasting technique, which was successfully used for the 

fabrication very complex-shaped components of Al2O3 using RPT molds,  and 

for making large and heavy components out of tungsten, was applied to 

develop a process for the manufacture of  YBCO components.   

5.3. Gelcasting of YBCO superconductors  

In order to explore the possibility of integrating gelcasting with IG 

process as discussed in the section 5.3, a simple hollow cylinder of Y-211 

preform is prepared through gelcasting technique and then subjected to IG 
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processing to get superconducting YBCO cylinder as product. The curved 

surface with hollow regions inside cylinder will be sufficient to demonstrate 

the credibility of the present approach.  

5.3.1. Fabrication of YBCO cylinder  

A YBCO cylinder was fabricated starting with a Y-211 preform 

produced using the gelcasting process. Y-211 powder was produced through 

the citrate synthesis technique, as discussed in section 2.1.1 of chapter II. The 

particle size was ~ 1 -2 m.  Methacrylamide (MAM) and methylene 

bisacrylamide (MBAM) were used as monomer and cross linker respectively 

in the present work. An aqueous premix solution containing 16 wt.% of MAM 

and MBAM (in 6:1 weight ratio) was prepared and aged for 12 hours. 

Weighed amount of Y-211 powder along with 1.5 wt. % dispersant (Dolapix 

77) was added to the premix solution. Then the mixture was tumbled in a 

polyethylene container for 12 - 16 hours at varying speeds employing a 

home-made tumbling machine. Zirconia balls of 10 mm diameter were used 

for homogenous mixing. The slurry of Y-211 was degassed in a vacuum unit 

to remove air bubbles. 0.1 ml of 10 wt. % Ammonium peroxydisulfate (APS) 

and N,N,N,N-tetramethylethylenediamine (TEMED) solutions were added to 

the slurry, just before casting the slurry into a mold as initiator and as 

catalyst respectively. The part was dried carefully, and the organic binders 

were removed by controlled thermal debinding process. A detailed 

discussion of the fabrication of Y-211 slurry can be found in Section 3.2 of 

chapter III.  

The dried Y-211 preform thus obtained by gelcasting route was pre-

sintered at 950 oC for 4 hours, prior to infiltration. The pre-sintered Y-211 

preform thus obtained was subjected to IG process. Y-123 was used as source 
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of liquid phases (BaCuO2 and CuO) in the present experiment. The ratio Y-

123:Y-211 was maintained as 2:1 by weight.  

 

Fig. 5.15. (a) A schematic of experimental arrangement for fabricating YBCO 
cylinder is shown. Y-123 pallet is used as liquid source for the Y-211 cylinder. Nd-
123 seed is places in between Y-123 pallet and Y-211 cylinder for texturing and (b) 
YBCO cylinder processed through IGP by using Y-211 cylinder, fabricated through 
gelcasting technique, as preform.  

A schematic sketch showing the sample assembly used for the 

fabrication of a YBCO cylinder is shown in Fig5.15. Nd-123 seed was used to 

promote the textured growth of Y-123 during the IG process. The assembly 

was heat-treated in a tubular furnace following a heat-treatment schedule 

described elsewhere. Fig 5.15 shows the YBCO cylinder obtained as above. 

5.3.2. Tc and Jc(H) of YBCO cylinder 

Thin sections were sliced from the IG processed YBCO cylinder using a 

low speed saw for various studies.  Temperature dependence of electrical 

resistivity (ρ) was measured employing the four probe techniques to 

determine the critical temperature (Tc) and transition width (ΔTc) as 

discussed in section 2.6 of Chapter II.  

The temperature dependence of dc electrical resistivity carried out on 

the sample showed a sharp superconducting transition as shown in Fig. 5.16 

(a) (b) 
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indicating the high quality of the sample. The onset of Tc was observed to be 

~ 92.9 K and the sample showed a transition width ΔTc < 1 K indicating that 

there are no major oxygen deficient regions/solid solutions. The sharp 

transition confirms that the process followed has efficiently removed the 

chemicals used in gelcasting.   

 

Fig. 5.16. A plot of showing DC electrical resistivity as a function of temperature of 
YBCO cylinder produced through gelcasting technique. A sharp transition (Tc) at 92 
K with a narrow transition width (Tc) ~0.6 K indicates absence of low Tc phases.   

A typical micrograph obtained using SEM operating in secondary 

electron detection mode is shown in Fig 5.17. It can be observed that the 

sample is nearly free from major macro-defects like cracks, pores etc. It can 

be observed from Fig 5.17 that the Y-211 particles are uniformly distributed 

in Y-123 matrix. A histogram constructed from the micrograph indicating the 

particle size distribution is shown in Fig 5.17.  
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(a)                                                              (b) 
  

Fig. 5.17. (a) Micrograph of gelcast YBCO cylinder obtained form SEM at a 
magnification of 2000 X . The micrograph shows Y-211 particles in Y-123 matrix 
without any reaction as observed in case of CeO2, ZrO2 doped YBCO samples (Fig. 
3.19 and Fig. 3.22) (b) Histogram obtained on the micrograph  shows that most of 
the particles are below 2m. 

It is evident from the micrograph and histogram that the Y-211 

particle size distribution is centered around 1.5 m. However, a few large 

particles (larger than 10m) can also be seen.  

Magnetic hysteresis (M-H) loops were recorded at 50 K and at 77 K in 

specimens extracted from the sample, by varying the magnetic field H up to 

10 T and 14 T respectively, using PPMS. The M-H loops recorded from the 

sample at 50 K and 77 K are shown in Fig 5.18 and Fig 19. The field 

dependence of current density obtained in the sample at 50 K is shown in Fig 

5.18. It is evident that the sample shows nearly flat Jc(H) response to fields as 

high as 14 T. The sample showed a Jc(0) of ~11 kA cm-2 at 50 K. The sample 

showed a peak field Hp at 5 T at 50 K. It can also be seen that the loops are 

open to fields up to14 T at 50 K. We note that no grain refiners such as 

platinum have been used in this work. 

(a) 
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Fig. 5.18. (a) magnetic hysteresis loop for YBCO cylinder at 50 k and (b) critical 
current density calculated using bean’s critical state model showing Jc higher than 
104 A/cm2 up to 12 T of applied field. 
The sample showed a Jc(0) of 2 kA cm-2 at 77 K. The sample showed a 

peak field Hp, (defined as the field where the slope of M versus H curve 

changes  ), of 1 T at 77 K. It can also be seen that the loops are open to fields 

as high as 5 T at 77 K establishing the high irreversible nature of the sample. 

The sample was found to possess irreversibility field larger than 3.5 T at 77 

K. Jc of the present sample up to high fields are found to be interesting from 

the view point of engineering applications with complex geometry.  

 

Fig. 5.19. (a) Magnetic hysteresis loop for YBCO cylinder at 77 K and (b) critical 
current density calculated using Bean’s critical state model showing Jc up to 3 T of 
applied field.  
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5.4. Conclusions 

The versatile shape forming technique applied to various ceramic 

materials, viz. gelcasting has been extended to the fabrication of bulk YBCO 

components possessing a microstructure that supports high current 

densities. This was accomplished by fabricating the preform of Y-211 used in 

Infiltration Growth processing by the gelcasting technique. Y-211 could be 

processed in an aqueous environment because of its lack of reactivity with 

water. The efficacy of the process was demonstrated by the fabrication of a 

hollow cylinder. The cylinder was characterized by microstructural and 

magnetic measurements. The microstructure is similar to that typically 

observed in melt or IG processed materials. The observed current density is 

good enough for many applications, say for use of the material as magnetic 

shields. Further improvement in Jc might be possible through refinement of 

the process, like addition of Pt or CeO2 to make the Y-211 further divided, 

devising methods to pack the Y-211 denser in the Y-123 matrix etc. Another 

possibility is the introduction of nanoparticles of non-reactive phases into 

the Y-123 matrix by the NDSC process. It is also important that the process 

can be carried out using molds fabricated by the Rapid Prototyping 

technique, which makes it possible to prepare high Jc YBCO in shapes hitherto 

not possible.  
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Chapter-VI 

Summary and Conclusions 
 

The present thesis discuses the introduction of nanoparticles of ceria, 

zirconia and Ba-Ce-O into Infiltration Growth processed YBCO 

superconductor composites and its effect on the final microstructure and 

superconducting properties.  

A method is developed for the introduction of nanoparticles separate 

from one another and without agglomeration into the Y-211 preforms used 

for IG processing. A certain amount of reaction between the preform and the 

nanoparticles keeps the particles anchored to the Y-211 grains during the 

infiltration of liquid phases and further texturing stages. Using the 

Infiltration Growth process, and introducing the nanoparticles as separate 

entities into the preform, has the advantage that the agglomeration and flow-

tracks formed by accumulated particles due to their movement along with 

liquid phases can be avoided: such tracks have been reported in melt growth 

experiments [1].   

The main motivation for the above work is the reported observation 

that very high current densities can be obtained in melt processed samples 

containing large concentrations of nanometer-sized additives. For instance, 

the best current densities reported till today in any superconductor bulk has 

been in the melt processed NEG-123 with 35mol. % of nanometer-sized (70 

nm) Gd-211 and 0.1 mol. % of nanometer-sized NbO3 it showed a zero filed 

current density of ~600 kA/cm2 , and a current density of ~200 kA/cm2 at 4 

T [2].  
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IG process offers advantages of near net shape processing. The 

process used in the present thesis to disperse nanoparticles in Y-211 

preforms, starting with a colloidal solution of the required nano-material and 

mixing it intimately into a stable Y-211 slurry, has the advantage that it can 

be combined with the gelcasting process developed in this study. The 

gelcasting process involves the preparation of a stable suspension of the Y-

211 powder using a suitable dispersant in water, along with small amount 

monomer and cross liners. The dispersant was identified in the present 

study. The slurry is set in a mould. The mould can be fabricated by the rapid 

prototyping technique which can potentially allow the formation of 

extremely complex-shaped superconductor components, if needed. The 

preform of Y-211 thus prepared is dried, debinded and sintered. It is used in 

IGP to make superconductor parts with a microstructure that supports high 

current densities. We have demonstrated the fabrication of a superconductor 

hollow cylinder by the gelcasting process and have studied its 

microstructure, and have measured the current densities supported by it.  

The NDSC process developed for the introduction of nanoparticles 

separate from one another and without agglomeration into the Y-211 

preforms has the potential to yield high current densities in IG processed 

samples, just as it was obtained in the melt processed samples. However, the 

nano-materials that we worked with did not help increasing the current 

density much due to a variety of reasons. A basic problem observed was the 

lowering of Tc of the Y-123 material by the dissolution of the additives in the 

Y-123 phase. There were earlier reports of such lowering of Tc [3], and we 

have confirmed that it occurred in our materials by measurements of 

electrical resistivity and ac magnetic susceptibility as function of 

temperature. Another problem was the enormous grain growth of the Y-211 
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grains in the preforms in most cases, even at low levels of doping.   The 

particle size refinement due to the added material was not sufficient in most 

cases to reverse this large grain growth and the Jc s observed in those 

materials were very low. An added effect was the reduction in continuous 

porosity in the Y-211 preform due to the reactivity of the nano-materials 

with the Y-211 grains of the preform resulting in Y-211 grain growth. This 

would affect the liquid phase inflow into the preforms for IGP.   

An exception was ceria-doped Y-123. The reaction of ceria with Y-211 

preform material was minimal at low concentrations, in the Ce-2 sample. At 

high concentrations, in the Ce-10 sample, the ceria particles sintered 

together to form nano-rods. The grain growth Y-211 in the preforms of ceria-

added Y-211 was therefore low.  Easy infiltration of liquid phases into the 

preforms was facilitated by the porosity available in their preforms; in the 

case of the Ce-10 sample, the nano-rods separated the individual Y-211 

grains. As a result, the microstructures obtained in those materials, especially 

in the Ce-10 sample, were very attractive. The IG process, without any 

doping, inherently gives substantial grain refinement in comparison with the 

melt growth process; the addition of ceria in IGP lowers the Y-211 grain size 

even further and narrows the particle size distribution (Fig. 3.12 in Chapter 

III, reproduced below as Fig. 6.1). The average Y-211 particle size is around 

500 nanometers, which we believe is unprecedented.  

The current density recorded in the Ce-10 sample decreases only 

slowly as a function of the applied magnetic field up to 9 T. This is just as in 

the POIGP (Ce-0) sample; i. e. in a sample prepared from optimized Y-211 

preforms just as in the present case, but without the additives [4]. 
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Fig.  6.1. The Y-211 size distribution in the Ce-10 sample is below 0.5 m (bottom 
row), whereas the Y-211 particles in the Ce-0 sample are sized around 1 m (top 
row). 

The reasons for the observed high current density to high fields in the 

Ce-0 sample occur in the Ce-10 sample as well; there is extensive nano-

twinning [5] in the Ce-10 sample, and the Y-211 grain size is even smaller 

(see Fig.6.1). But the observed Jc values are lower in the Ce-10 sample in 

comparison with the Ce-0 sample (Fig. 6.2). This can be attributed to the 

dissolution of ceria in the Y-123 matrix and the associated lowering of Tc. We 

have studied the flux entry into the Ce-2 and Ce-10 materials as function of 

the applied dc field using an ac field of varying amplitude as the probe: we 

have correlated the observations to the content of lower Tc phases.  
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Fig.6.2. Critical currents in both Ce-0 and Ce-10 are sustained up to 9 T due to 
extensive twinning. But in case of Ce-10 the magnitude of the Jc is lower when 
compared with Ce-0.    

    
We can also conclude from the above study that Y-211 particle size 

refinement, though attractive, if brought about by a nano-material that 

interacts with the matrix and lowers Tc, the benefits to improvement of the 

current carrying capacity of the material would be limited.  

The refinement of the Y-211 particle size in melt processed Y-123 

through the introduction of dopants such as Pt, ceria, barium cerate and 

zirconia has been a matter of intense study. The NDSC process developed in 

this work enables the deposition of nanoparticles separately without 

agglomeration on the Y-211 particle surface in the preform, and this enables 

the study of the reaction taking place between various components of the 

reaction system more clearly. We observe that the particle size refinement 

takes place because of the ability of the above materials to draw Ba from the 

Y-211 material [6]. Other work in the literature also has pointed out that the 
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reactivity of the above dopants to form stable compounds with Ba is behind 

the particle size refinement [7-9]. The chemical reactions involved are as 

follows.   

YଶBaCuOହ + 	CeOଶ → BaCeOଷ + YଶOଷ 

YଶBaCuOହ + 	ZrOଶ → BaZrOଷ + YଶOଷ 

2YBaଶCuଷO଻ିஔ + 	2PtOଶ → BaସCuPtଶOସ + YଶOଷ + 5CuO 

 

Withdrawal of Ba from regions where the nanoparticles are attached 

forms one or more Y-rich regions within the Y-211 grains. The regions of the 

Y-211 grains which have not thus become Y-rich react with the liquid phases 

and develop necks (Fig.3.16 and Fig. 3.27) which can break in cases where 

the reaction continues. This accounts for the particle size reduction of Y-211 

in the presence of the reactive additives like the ones mentioned above. The 

particles that are residual in the Y-123 matrix after IG processing are mostly 

Y-rich compositions of the Y-Ba-Cu-O system. In the samples to which ceria 

nanoparticles were added, there are also very fine, BaCeO3 particles, with 

sizes in a few tens of nanometers, which originated from the added ceria 

nanoparticles.  

In the case of samples with Zirconia and Ba-Ce-O nanoparticles, the 

influence on microstructure and on the field dependence of current density 

by even small amounts of the dopants was very dramatic.  With only 0.1 wt. 

% Ba-Ce-O added, the microstructure of the IG processed material resembled 

that of a sintered material and the Jc values were very small. But increasing 

the amounts of the dopants refined the Y-211 size, restored the typical melt 

processed microstructure, and the Jc (H) improved. This could be attributed 

to the grain growth of Y-211 in the preform even with small amounts of 

additives and the effect of more of the additives in refining the Y-211 by 
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particle division. We have also seen, especially in the case of the Zirconia –

doped samples, that the increased grain growth of Y-211 particles in the 

preform, even with small amounts of the additive, could become a problem in 

IGP because the continuous porosity needed to allow the infiltration of liquid 

phases could get closed leading to samples of very poor microstructure and 

Jc.  
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Fig. 1.1 

 
Evolution in the transition temperatures of superconducting materials, 
starting with mercury. Recent discoveries are also included [10]. 
 

 
2 

Fig. 1.2 The orthorhombic unit cell of YBa2Cu3O7-δ. It has lattice parameters a ~ 
3.82 Å, b ~ 3.89 Å, c ~ 11.68 Å, and space group P4/mmm, Tc = 92 K. 
The notable feature is the presence of a sequence of copper-oxygen 
layers perpendicular to the c-axis [12]. 
 

3 

Fig. 1.3 Optical micrograph of a sintered YBCO superconductor showing 
randomly oriented grains and a large amount of porosity. 
 

4 

Fig. 1.4 The pseudo-binary phase diagram of the Y-Ba-Cu-O system, showing 
various phases that occur in the system. The peritectic formation 
temperature (Tp) of Y-123 is marked [13]. 
 

5 

Fig. 1.5 Typical microstructure of melt processed Y-123 material. Polarized light 
microscopy reveals two shades of grey due to orientation difference 
between two grains. Y-123 occurs as parallel platelets separated by 
small gaps within each domain. Properitectic Y-211 phase occurs as 
inclusions within the Y-123 grains. The Y-211 inclusions are not 
uniformly distributed, are rather large and blocky. Also, defects such as 
large pores can be seen 
 

6 

Fig. 1.6 (a) Shrinkage of a stoichiometric YBCO sample subjected to Melt 
growth process [11]. The Fig. on left illustrates the starting size of a 
pellet (~ 34 mm dia.), and the Fig. on right is that of the resulting 
product (~ 26.5 mm). The shrinkage caused is ~ 22 %. Also, distortions 
in shape can be noticed. (b) Vertical cross-section of a melt grown pellet 
of Y-123. Macroscopic defects such as large hollow regions can be seen 
[28].  
 

7 

Fig.1.7 TEM micrograph showing secondary defects at the Y-123/Y-211 
interface, in the matrix of melt processed Y-123.  More defects are seen 
in regions of larger interface curvature [26].  
 

8 

Fig. 1.8 SEM micrographs from Gd-123/Gd-211 pellets quenched from 1100 °C, 9 



after a hold of 20 minutes, showing Gd-211 particles in liquid. In 
samples containing (a) 0 (b) 10 (c) 20 (d) 30 and (e) 40 mol% Y-211 
added to Y-123, we observe that the Y-211 particles become finer, 
denser in distribution and spherical in morphology, with increasing Y-
211 concentration [31]. 
 

Fig. 1.9 Shrinkage during melt processing: Plots showing experimentally 
measured shrinkage of Gd-123 samples as a function of Gd-211 mol%. 
Gd-123/Gd-211 pellets were prepared by adding systematically 
increasing amount of Gd-211 powder to Gd-123 and compacting the 
mixture. The x-axis refers to the amount of Y-211 added to Y-123, and 
does not include the Y-211 formed by decomposition of Y-123 at Tp. 
Shrinkage (in %) of the pellets after melting them around 1100 °C are 
shown as triangles, and the shrinkage after complete melt processing are 
shown as circles. Almost all of the shrinkage takes place at the melting 
stage, and none at all at the subsequent recombination stage [28].  
 

10 

Fig. 1.10 Systematically occurring porosity in melt processed samples with 
different Y-211 content. The pores are very large in melt processed 
stoichiometric Gd-123, and the pores decrease sharply in size with just 
10 mol% added Y-211[34]. 
 

10 

Fig. 1.11 A plot showing variation of the average pore size in melt processed Gd-
123, as a function of increasing Gd-211 content [34]. 
 

11 

Fig. 1.12 A typical experimental arrangement used in Infiltration Growth process. 
A source of liquid phases which can either be Y-123 or Y-123+ BaCuO2 
+ CuO. A preform made up of Y-211 powder is kept on top of it. A c-
axis oriented Nd-123 seed crystal is placed on top of the preform, at the 
center [29] 
 

12 

Fig. 1.13 A comparison between the Melt growth process and the Infiltration 
growth process [29]. 
 

14 

Fig. 1.14 A hollow cylinder of Y-123 fabricated by the Infiltration Growth 
process [28]. 
  
 

15 

Fig. 1.15 (a) Y-211 foam prepared as a replica from a rubber sponge from Y-211 
slurry, and (b) Y-123 foam derived from the Y-211 foam in (a) by the 
IG process [54]. 
 

16 

Fig. 1.16 (a) A Y-211 preform with an Sm-Y-123 seed at the centre. An array of 
holes has been drilled systematically through the preform; (b) IG 
processed Y-123 with an array of holes [55]. 

17 



 
Fig. 1.17 (a)In melt processed YBCO wihtout extra Y-211 and without any other 

additives, the size of the Y-211 particles is of the order of few tens of 
microns, and (b) with CeO2 added to the same sample as in (a), the Y-
211 grain size is considerably reduced (to about 1-2 µm). (c)  Magnetic 
hysteresis loops obtained at 50K from the samples in (a) and (b) show 
that the loop area substantially increases with added ceria [62]. 
 

20 

Fig. 1.18 Nanoparticles in melt processed YBCO are carried along by the liquid 
phases causing (a) and (b) segregation/agglomeration of nanoparticle 
and free regions [70]. (c) and (d) (from [90] and [81] respectively) 
shows  track/ bands of nanoparticles in the YBCO matrix. 
 

22 

Fig 1.19 Jc (B) curves for (Nd0.33Eu0.33Gd0.33)Ba2Cu3O7-δ with 35 mol% fine Gd-
211 (70nm), but various contents of NbO3. Inset illustrates the Jc (B) 
curves at different temperatures for the doping level of 0.1 mol % NbO3 
[82].   
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Fig. 2.1. A scanning electron micrograph obtained from sintered Y-211 powder 
used in the present experiments is shown. The micrograph shows that 
the size of the Y-211 particles is around 1-2 µm. 
 

38 

Fig. 2.2. A schematic diagram of the furnace used. 
 

39 

Fig. 2.3. The heat profiles showing the temperature distribution obtained along 
the length of the muffle in tubular furnaces used for (a) sintering / IGP 
and (b) oxygenation. 
 

40 

Fig. 2.4. X-ray diffractogram obtained from sintered powders of YBa2Cu3O6.5. 
The pattern could be indexed to a tetragonal unit cell (JCPDS file no 88-
2462). 

41 

Fig. 2.5.  (a) Photographs of pellets of Y-123 (black in color) and Y-211 (green in 
color) are fabricated under pressure of 460 MPa. (b) Y-123 and Y-211 
pellets are arranged for IG process. The schematic picture in (c) shows 
the sample assembly used in the IG process. The liquid phase source and 
preform pellets are supported on a layer of Y2O3 which in turn are 
supported on YSZ and alumina layers. 
 

42 

Fig. 2.6. Time–Temperature profile followed for the fabrication of YBCO bulk 
superconductors by Infiltration Growth (IG) process. 
 

43 



 
Fig. 2.7. (a) A schematic picture showing generation of various radiations when a 

high energy electron beam gets incident on a material (b) A schematic 
picture showing emission of electron beam and presence of various 
detectors in a Scanning Electron Microscope (SEM). 
 

45 

Fig. 2.8. Block diagram for ac susceptibility measurement. 
 

47 

Fig. 2.9. Magnetization process of thin slab of thickness 2a in a field parallel to 
the surface. 
 

50 

Fig. 2.10. A typical magnetic hysteresis (M-H) loop obtained from a IG processed 
YBCO superconductor at 5 K. 
 

53 

Fig. 2.11. Block diagram for measuring dc electrical resistivity. 
 

54 

Fig. 2.12. The sample holder fabricated for measuring electrical resistance of 
superconductors is shown. The sample puck and the heater cavity made 
can also be seen in the figure.   

55 

Fig.2.13 Flow chart representing various steps involved in gelcasting processing. 
 

57 

Fig. 2.14 Quantumchrom made BET surface area measurement system.  
 

58 

Fig. 2.15. Schematic illustration of zeta potential and slipping plane. 
 

59 

Fig.2.16. A plot indicating variation of zeta potential with respect to pH. The pH 
value at which Zeta potential vanishes is called isoelectric point. In 
order to attain uniform and well dispersed suspension pH of the solution 
should be away from isoelectric point. 
 

60 

Fig2.17. A schematic of the coaxial-Cylinder viscometer. 
 

63 

Fig 2.18.  A schematic of TGA set up used for the analysis of the binder removal 
in gelcast green part. 
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Fig. 3.1. (a) and (b) show the segregation of nanoparticles and existence of 
nanoparticle- free regions in melt grown YBCO composites. (c) and (d) 
show the formation of bands of nanoparticles due to flow of liquid 
phases. 
 

72 

Fig. 3.2. Sedimentation test with 5 wt% slurry of Y-211 in water, containing 1 75 



wt% of various dispersants. The suspension was kept for 12 hours to 
examine the sedimentation rate of the Y-211 particles, for preliminary 
optimization of dispersants. Y-211 particles remain suspended in the 
slurry with DOLAPIX 77, whereas with other dispersants the particles 
have either settled down, or reacted with the dopant as in the sample 
marked A 88.  The good suspension observed with DOLAPIX 77 was 
sufficient to ensure the completion of the process of nanoparticle 
introduction without segregation, which required that the slurry is stable 
for about an hour after mixing.    
 

Fig. 3.3.   Sol containing 5wt. % of CeO2 nanoparticles. 
 

76 

Fig. 3.4. (a) FESEM micrograph recorded from a dried droplet of CeO2 sol at 
100 KX. CeO2 nanoparticles of 20-40 nm can be seen. (b) Elemental 
analysis on a particle observed in (a) shows that it contains Ce and O2. 
 

77 

Fig. 3.5. Y-211 preform with CeO2 nanoparticles, after adding 2 wt.% ceria and 
heat treating at 950 oC for 4 hours, as seen in an FESEM. (a) At a 
magnification of 10,000 X. Y-211 particles of size around 1-2 µm are 
observed to be coated almost uniformly with isolated nanoparticles of 
ceria. (b) At a magnification of 50, 000 X, the ceria particles anchored 
on the Y-211 particles are observed to be in the size range of 40- 60 
nanometers.   
 

79 

Fig. 3.6. FESEM micrographs recorded on NDSC processed Y-211 preforms 
with 2, 5 and 10 weight percent of CeO2, referred as Ce-2, Ce-5 and Ce-
10 respectively. The micrographs in the upper row are at a magnification 
of 10,000 X and those in the lower row are at 50,000 X.  Encircled 
regions show examples of porosity in the preform. The Ce-2 sample 
shows substantial amount of porosity, whereas the porosity in the Ce-5 
sample is much less. The Ce-10 sample again shows considerable 
amount of porosity, an effect of the acicular growth of the CeO2 
particles. 
 

81 

Fig. 3.7. X-ray Diffractogram of Ce-10 is compared with that of Y-211 without 
any additive.  The extra peaks in the former could be identified as due to 
CeO2-X (JCPDS file no 49-1415).   
 

82 

Fig.3.8. High temperature X-ray diffraction patterns from Y-211 containing 20% 
CeO2, from 800 oC to 1200 oC. Y2O3 peaks are distinctly visible above 
1000 oC [32]. 
 

83 

Fig 3.9. (a). Micrograph obtained on Y-211 preform with 2 wt. % ZrO2 at a 
magnification of 20,000 X, shows that Y-211 particles reacted and (b) 
micrograph obtained on Y-211 preform with 10wt. % ZrO2 at a 

85 



magnification of 50,000 X, very fine individual nanoparticles of ZrO2 
can be seen on Y-211 particles. Both the microstructures confirm strong 
interaction of ZrO2 with Y-211 and cause fusing of Y-211 particles. 
 

Fig 3.10. FE-SEM image from the Y-211 preform containing 10 wt. % of Ba-Ce-
O nanoparticles. The particles are distributed separate from one another. 
They have reacted with the preform, and the Y-211particles of the 
preform have fused together to a large extent.  
 

86 

Fig. 3.11. FESEM micrographs obtained on Ce-2, Ce-5 and Ce-10 YBCO 
composites at 2000 X magnification; on the right side are the 
corresponding histograms of Y-211 particle size distribution. 
 

87 

Fig.  3.12. Microstructures of samples with zero and 10% CeO2, the Ce-0 and Ce-
10 samples, both were processed through the POIGP route. The Y-211 
size distribution in the Ce-0 sample is centered at slightly more than 1 
µm, whereas most of the Y-211 particles in the Ce-10 sample have size 
below 0.5 µm . The Y-211 grains in the Ce-10 sample occur in different 
shades of grey suggesting compositional variations between particles 
and in different regions of the same particle.  
 

89 

Fig 3.13. A typical microstructure of Melt processed YBCO with Ceria showing 
the presence of BaCeO3 particles along with CuO phase, which a 
common observation [35].   
 

90 

Fig.  3.14. (a) One of the first reports on CeO2 addition in YBCO (Kim et al. [29]. 
The YBCO samples sintered with ceria showed the suppression of the 
formation of the orthorhombic superconducting phase at higher ceria 
concentrations, and also the formation of BaCeO3.  (b) Tc was also 
lowered as the ceria concentration was increased [36] 
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Fig.  3.15. Y-211 particles when held with liquids at 1100 oC increase in size with 
holding time, whereas the presence of refining agents such as PtO2 and 
ceria restricts the growth to a maximum of 1.5 µm in 10 h [36].  
 

92 

Fig.  3.16. Differential thermal analysis for Y-123, Y-123 + 1 wt. % CeO2 and Y-
123 +1.9 wt. % BaCeO3. With the additions, the melting point is mostly 
unaffected but the freezing temperature is increased.  Meignan et al. 
made use of this observation to conclude that CeO2 addition modifies 
the melt characteristics, and thus restricts Y-211 growth [11]. 
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Fig.  3.17. Phase diagram related to the melt reaction of YBCO [34].  
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Fig.  3.18. (a) TEM micrograph showing the presence of Y2O3 cores within Y-211 
particles in melt processed Y-123 with ceria [23]. On the left are two 

94 



Y2O3 particles within a Y-211 particle and on the right is a magnified 
image showing one of the particles within the Y-211 background.  (b) 
High temperature X-ray diffractograms obtained from Y-211 with CeO2 
[32] shows the formation of Y2O3 and BaCeO3. These observations led 
Vilalta et al. [32] to conclude that the fine Y-211 formed during melt 
growth of Y-123 are those nucleating on nanometer-sized Y2O3 formed 
during the decomposition of Y-211 in the presence of ceria. 
 

Fig.  3.19. Microstructure of CeO2-doped YBCO composites. Y-211 particles with 
varying sizes and contrast are observed. Submicron sized bright particles 
identified to be BaCeO3 by EDAX are attached to several Y-211 
particles. Some BaCeO3 particles are also free. Most of the Y-211 
particles are with one or more bright core regions whose compositions 
were measured by EDAX to be Y- and Cu-rich, containing small 
amounts of Ba.  Several particles of Y-211 appear to be developing 
necks and proceeding towards division into two or more particles by 
reaction of the Y-poorer regions with liquid phases.  
 

96 

Fig 3.20. Compositional mapping of Ce-10 on Y-211 particle with central bright 
core. Ba and O found through the particle as can be seen in red and 
green spectra. The center is rich in Y-atom as shown in blue colored and 
some amount of Cu and towards the edges presence of Ce-atom is found 
with no Cu and Y. The central region in these particles is Ba deficient 
and at the edges some amount of Ce is dissolved 
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Fig. 3.21. (a) Y-211 particles in preform of Ce-2 with nanoparticles of ceria 
adhering to its surface.  (b) A region from the FE-SEM micrograph of 
the Ce-10 composite showing many rounded Y-211 particles with small 
particles of BaCeO3 attached. It is proposed that the Y-211 particles lose 
Ba in regions close to the attached CeO2 nanoparticles to form the white 
Y-rich core regions in the bigger 211 particles. Some BaCeO3 particles 
have also detached themselves from the Y-211 particles after reaction of 
the supporting Y-211 substrate with the liquid phases. The liquid phases 
do not react with the Y-rich core region, but rather with the surrounding 
darker regions of the Y-211 grain, with compositions close to the 
original. This develops necks on the 211 particles which on breaking 
divide the particles. 
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Fig. 3.22.   Formation of white Y-rich core is observed in the Y-211 particles in IG 
processed YBCO with added ZrO2. The formation of the core can be 
attributed to the depletion of barium from regions of Y-211 particles due 
to its reactivity with Zirconia. However, the reduction in size of the Y-
211 particles is not much as the Y-211 particles get fused at the preform 
fabrication stage in the presence of ZrO2 nanoparticles, as can be seen 
from Fig. 3.20. 
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Fig.  3.23. ZrO2 nanoparticles are seen individually deposited on the Y-211 grains 

in a preform of Y-211 heat-treated for 4 h at 950 oC. The nanoparticles 
appear to have reacted to a certain extent with the Y-211 grains. They 
are, therefore firmly adherent on the Y-211 surface and are unlikely to 
be dislodged during the infiltration of liquid phases. We also observe 
that the the Y-211 particles have fused into large grains. 
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Fig. 3.24.    The microstructure (as obtained by FE-SEM) of IG process YBCO 
containing 2, 5, and 10 wt. % ZrO2 nanoparticles introduced by the 
NDSC procedure. As low concentrations of ZrO2, the grains of 211 
which had grown considerably at the preform fabrication stage have 
been substantially refined, though the particle size is still more than 1 
µm. The 211 grain growth could not be offset in the other two samples, 
and the IG processed samples have very large Y-211 grains. In the 10 
wt. % sample, the 211 size has lowered in comparison with the 5 wt. % 
sample due to the refinement due to large amount of ZrO2 available. The 
unreacted excess of ZrO2 nanoparticles of size around 30 nm are found 
to be segregated in the micrograph. 
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Fig. 3.25. FE-SEM image from the Y-211 preform containing 10 wt. % of Ba-Ce-
O nanoparticles. The particles are distributed separate from one another. 
They have reacted with the preform, and the Y-211particles of the 
preform have fused together to a large extent. 
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Fig.  3.26. FE-SEM images from IG process samples containing various amounts 
of Ba-Ce-O nanoparticles.(a) In the sample with the smallest Ba-Ce-O 
content, viz. 0.1 wt. % Ba-Ce-O, formation of the the usual long parallel 
platelets of Y-123 characteristic of melt processed and IG processed 
samples have been disturbed by the grain growth of Y-211. In (b), (c) 
and (d), with 0.5 wt. %, 3.0 wt. % and 10.0 wt. %   of  Ba-Ce-O 
respectively, we see that the Y-211 particle size decreases continuously 
with increasing Ba-Ce-O content. The parallel, long Y-123 grains have 
been restored in the samples with higher Ba-Ce-O content.  
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Fig. 3.27. An enlarged image from the YBCO sample with 10 wt. % of Ba-Ce-O. 
Y-rich cores can be observed in the Y-211 grains. Particles in different 
stages of division can be seen. Small white BaCeO3 particles can be 
seen.  
 

106 

  
 
 
 

 



Chapter IV 
 

 
Fig. 4.1. Jc is plotted against applied magnetic field for the samples Ce-10 (red), 

Ce-2 (blue) and Ce-5 (green) at (a) 65 K, and (b) at 77 K. 
 

113 

Fig. 4.2. Critical current density versus applied magnetic field is plotted for the 
Ce-10 sample at different temperatures.  
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Fig. 4.3. Twinning is observed in all CeO2 doped YBCO nanocomposites (Ce-2, 
Ce-5 and Ce-10).   
 

115 

Fig. 4.4. (a) The electrical resistivity, and (b) the real part of a. c. susceptibility of 
the samples Ce-10 (red), Ce-2 (blue) and Ce-5 (green) are plotted versus 
temperature.   
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Fig. 4.5. The figure from [4] shows that the addition of ceria and Pt to Y-123 
lowers its superconducting transition temperature. The effect is less 
pronounced with Pt addition, and this suggests that the Jc of Pt-
containing samples are likely to be seriously affected by the additive. 
We note by comparing the present figure with Figs. 4.3 (a) and (b) of 
measurements in our samples that the Ce-10 sample retains considerable 
volume of Y-123 without ceria dissolution.   It might be noted from Fig. 
3.6 that the ceria nanoparticles in the preform used for the fabrication of 
the Ce-10 sample grow into much fewer number of nano-rods, which get 
converted to barium cerate particles during the IG process. This leads to 
localization of ceria distribution in the Y-123 matrix of the Ce-10 
sample. 
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Fig. 4.6. The micrographs in the top row show, from left to right, the preforms 
used in the fabrication of the Ce-2, Ce-5 and Ce-10 samples, 
respectively. The preform used in the fabrication of the Ce-2 sample has 
the least amount of ceria and retains its porosity.  In the preform used for 
the fabrication of the Ce-10 sample, the porosity is retained because the 
ceria nanoparticles fuse among themselves to form ceria nano-rods. In 
the preform used in the fabrication of the Ce-5 sample, the Y-211 
particles have fused together in the presence of ceria, eliminating 
continuous porosity needed for liquid phase entry. 
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Fig. 4.7. (a) A side view of the arrangement used in the IG process is shown 
schematically.  After melting and infiltration of the liquid phases into 
the Y-211 preform the Y-123 pellet shrinks. In (b) and (c) the side and 
top views respectively, of the Ce-10 sample are shown after IG 
processing. The observed shrinkage in the top Y-123 pellet is due to 
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infiltration of liquid phase from Y-123 into the Y-211 perform, can be 
observed. (d) and (e), which show the side and top view respectively of 
the Ce-5 sample demonstrates the fact that the Y-123 pellet had not 
shrunk after the experiment suggesting that the entry of liquid phases 
into the Y-211 perform was blocked in this case. 

Fig 4.8. It can be observed that there are very few macroscopic defects in the (a) 
Ce-2 sample and (c) the Ce-10 sample.  (b) Large areas with 
macroscopic defects can be observed in the Ce-5 sample due to 
improper liquid phase infiltration.  
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Fig. 4.9.   Flux pinning forces (FP) are plotted as function of the applied field at (a) 
65 K and (b) 77 K, for the Ce-2 (green), Ce-5 (blue) and Ce-10 (red) 
samples.  
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Fig. 4.10.   Normalized magnetic flux penetration depth (p/R) into the Ce-10 sample 
on the X-axis, with the applied ac magnetic field on the Y-axis. The 
graphs correspond to observations at various applied dc fields, from 0 to 
8 Tesla towards the right. R is the radius of the sample; p is the depth to 
which the magnetic flux penetrates into the sample. 
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Fig. 4.11. po/R, a measure of flux penetration into YBCO matrix at 77 K, is plotted 
versus applied dc magnetic  field  for (a) the Ce-10 and (b) the Ce-2 
samples. 
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Fig. 4.12. FESEM micrographs obtained on Ce-2 and Ce-10 samples at a 
magnification of 500 X, shows macro defects such as pores, cracks etc. 
In Ce-2, large pores (~5μm) and cracks can be seen almost through the 
entire field of view in the smple accounting for nearly 5-7% of macro 
defects, whereas in Ce-10, very fine pores and cracks are seen acounting 
for a smaller percentage (1.5-2 %) of macro defects.   
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Fig. 4.13. Micrographs shown in the upper row are obtained at a magnification of 
5000 X for both Ce-2 and Ce-10 samples. Ce-2 shows platelet cracks 
which are not seen in Ce-10. The micrographs shown below are 
obtained at a magnification of 20,000 X for Ce-2 and Ce-10; they show 
large plateelet gaps in Ce-2, and very fine platelet gaps in Ce-10 and 
most of the platelet gaps in Ce-10 are fused.  
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Fig. 4.14. Jc versus H of the IG processed Y-123 sample containing 10% zirconia 
nanoparticles is plotted in comparison with that of the Ce-10 sample, at 
77K. 
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Fig. 4.15. Variation of Jc with H at 77 K,  in YBCO composites fabricated from 
preforms containing various amounts of Ba-Ce-O nanoparticles; 0.1% 
(green), 0.5%(blue) 3%(dark blue) and 10%(red) in weight with respect 
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to Y-211. 
 

Fig.4.16. FESEM micrographs obtained on YBCO samples with 0.1%, 0.5%, 3% 
and 10% of Ba-Ce-O nanoparticles at a magnification of 2,000 X.  
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Fig 5.1. A schematic representation of gelcasting process. 
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Fig 5.2.   Zeta-potential of alumina slurry as a function of pH with different 
dispersants.   
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Fig 5.3. (a) Optimization of dispersant content and (b) Viscosity of 55 vol % 
Alumina slurry with optimal dispersant content. 
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Fig 5.4. A Mold prepared by ABS plastic to fabricate aerofoils, to demonstrate 
the possibility of fabrication of a complex-shaped object with thicker 
and thinner cross-section. 
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Fig 5.5. TGA of Gelcast alumina preform shows the binder burn out process is 
completed at 400 oC.   
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Fig 5.6. Micrograph of sintered Alumina processed through gelcasting rout, 
showing zero porosity and uniform microstructure. 
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Fig 5.7. A schematic of mold and final product making process through rapid 
prototyping method (a) Layer by layer deposition of mold and support 
material (b) top row shows various stages of RPT to fabricate molds 
through layer by layer deposition of mold material and support material, 
support material is deposited in the hollow region to give additional 
strength. After the mold is fabricated support material is removed and 
filled with part material.  
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Fig 5.8. (a) CAD model of a trial rotor (b) CAD image of the rotor mold, which 
was fed to the RPT machine to fabricate molds for rotor. 
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Fig 5.9. Final complex shaped product fabricated through integrating gelcasting 
process with Rapid prototyping technique. 
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Fig 5.10. Tungsten and SS metal products processed through gelcasting technique. 
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Fig 5.11. Sintered and machined tungsten rod and tungsten cathodes processed 
through gelcasting technique. 
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Fig 5.12. Final density of tungsten is plotted against the solid loading of the slurry 

it was found that final density increases with increase in solid loading in 
the slurry.  
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Fig 5.13. Micrographs obtained on gelcast tungsten in SEM at a magnification of 
250 X (a) shows uniformity in the distribution of fine pores and at 1000 
X (b) continuous pores of 1-5 mm size can be observed.  
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Fig5.14. Development of tungsten nose tips used in missiles, to demonstrate the 
potential of gelcasting technique in fabricating large components. 
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Fig 5.15. (a) A schematic of experimental arrangement for fabricating YBCO 
cylinder is shown. Y-123 pallet is used as liquid source for the Y-211 
cylinder. Nd-123 seed is places in between Y-123 pallet and Y-211 
cylinder for texturing and (b) YBCO cylinder processed through IGP by 
using Y-211 cylinder, fabricated through gelcasting technique, as 
preform.  
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Fig 5.16. A plot of showing dc electrical resistivity as a function of temperature of 
YBCO cylinder produced through gelcasting technique. A sharp 
transition (Tc) at 92 K with a narrow transition width (∆Tc) ~0.6 K 
indicates absence of low Tc phases.   
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Fig 5.17. (a) Micrograph of gelcast YBCO cylinder obtained form SEM at a 
magnification of 2000 X . The micrograph shows Y-211 particles in Y-
123 matrix without any reaction as observed in case of CeO2, ZrO2 
doped YBCO samples (Fig. 3.19 and Fig. 3.22) (b) Histogram obtained 
on the micrograph  shows that most of the particles are below 2 mm. 
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Fig 5.18. (a) magnetic hysteresis loop for YBCO cylinder at 50 k and (b) critical 
current density calculated using bean’s critical state model showing Jc 
higher than 104 A/cm2 up to 12 T of applied field. 
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Fig 5.19. (a) Magnetic hysteresis loop for YBCO cylinder at 77K and (b) critical 
current density calculated using Bean’s critical state model showing Jc 
up to 3 T of applied field. 
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Fig.  6.1. The Y-211 size distribution in the Ce-10 sample is below 0.5 µm 
(bottom row), whereas the Y-211 particles in the Ce-0 sample are sized 
around 1 µm (top row). 
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Fig.6.2. Critical currents in both Ce-0 and Ce-10 are sustained up to 9 T due to 

extensive twinning. But in case of Ce-10 the magnitude of the Jc is 
lower when compared with Ce-0 
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Page No. 

Table 4.1. Summarizes the information on the defect sizes in the 
samples Ce-2,  Ce-5 and Ce-10. It can be observed 
from the Table that Ce-5 sample shows the maximum 
amount of porosity and also the maximum values for 
the inter platelet gaps. The size and quantum of defects 
then decrease in the order Ce-2 to Ce-10. The 
superconducting performances of the samples also 
decrease in the same order.   

120 

  
Chapter-V 

 

 

Table 5.1. Advantages and disadvantages of various ceramic 
processing techniques.    
     

135 

Table 5.2 Surface area analysis of the alumina powders by the 
BET technique. 
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Appendix 

Properties and Applications of Superconductors 
 

1. Properties of Superconductor: 

a) Zero resistance [1]: No resistance is detectable below a critical 

temperature (Tc) even for high scattering rates of conduction electrons. 

Persistent currents magnetically induced in a coil of Nb0.75Zr0.25 and 

watched with NMR yielded an estimate of the decay time greater than 105 

years! (From theoretical estimates the decay time may be as large as 1010 

years) 

 
Fig. 1. A temperature dependent resistivity curve showing the disappearance of 
electrical resistivity below Tc for superconductor. 

 
b) Absence of thermoelectric effects [2]: No Seebeck voltage, no Peltier 

heat, no Thomson heat is detectable. 

c) Ideal diamagnetism: χm = −1. Weak magnetic fields are completely 

screened from the bulk of a superconductor. 

d) Meissner effect [3]: It is found that when a superconductor is cooled in 

presence of a weak magnetic field below Tc, the field is completely 

expelled from the bulk of the superconductor. 
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T> Tc                           T< Tc 

Fig. 2. In superconducting state magnetic flux cannot enter into the 
superconductors. It exhibits perfect diamagnetism     

 

e) Flux quantization [4]: The magnetic flux through a superconducting ring 

is quantized and constant in time. This phenomenon was theoretically 

predicted by F. London in 1950 and experimentally verified in 1961. 

 
Fig. 3. Magnetic flux (a batch of magnetism) that flows through the ring of 
superconductor is an integral multiple of the minimum unit (flux quantum). This 
phenomenon is called the quantization of magnetic flux 

 
f) Josephson Effect [5]: In 1962, Josephson predicted that Cooper pairs can 

tunnel through a thin non-superconducting barrier without any applied 

voltage. Anderson and Rowel provided experimental support such 

phenomenon. Such Junctions are known as Josephson junctions that 

exhibit macroscopic quantum effects. Josephson junctions have important 

applications in quantum-mechanical circuits, such as SQUID, 
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superconducting qubits, and RSFQ (rapid single flux quantum) digital 

electronics.    

 

 
Fig. 4. When a thin layer of insulator is sandwiched between two 
superconductors, until the current becomes certain volume, electrons pass 
through the insulator as if it does not exists. 
 

2. Types of Superconductors 

Superconductors, based on their magnetic properties, can be broadly 

classified into two kinds namely Type-I and Type-II superconductors. A typical 

sketch representing the variation of magnetization of a Type-I superconductor 

with applied field He is shown in Fig. 5(a). When the external magnetic field He is 

lower than the critical field Hc, the magnetization is given by M = −He and the 

superconductor shows a perfect diamagnetism (B = 0). This state is known as the 

Meissner state.  

In the case of a Type-II superconductor, the perfect diamagnetism is 

maintained only up to the lower critical field, Hc1, and then the magnetization 

varies continuously with the penetration of magnetic flux as shown in Fig. 5(b) 

until the diamagnetism disappears at the upper critical field, Hc2, where the 

normal state starts.  
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Fig.  5.  Field dependence of magnetization (M) for (a) Type-I superconductor 
and (b) Type-II superconductor 

 
It is known that the critical field of Type-I superconductors varies with 

temperature according to 

Hୡ(T) = Hୡ(0) ൤1 − ቀ ୘
୘ౙ
ቁ
ଶ
൨………. (A.3) 

where Hc(0) is the absolute critical field (value of Hc at zero temperature) 

Both the lower and upper critical fields (Hc1 and Hc2) of Type-II 

superconductors show similar temperature dependences. Schematic 

representations of the H-T phase diagrams of Type-I and Type-II 

superconductors, indicating the variation of Hc with temperature T, are shown in 

Figs. 6(a) and (b) respectively.  

 
Fig. 6.  Schematic representation of H-T phase diagram of (a) Type-I and (b) 
Type- II superconductors. 
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3. Basic theories in superconductivity: 

London’s Theory: 

In 1935, F. and H. London proposed a phenomenological theory for the 

electrodynamic properties of superconductors. It is based on a two-fluid picture: If 

the electrons from a normal fluid of concentration nn and a superfluid of 

concentration ns, where nn +ns = n  

 
Fig. 7. The variation of concentration of normal and superconducting electrons with 

temperature. 

 

From Drude model for normal metal   

    m ୢ୴ሬሬ⃗
ୢ୲

= eEሬሬ⃗ − m ୴ሬሬ⃗
த
    

where ⃗ݒ  is drift velocity and τ is the relaxation time 

In superconducting state τ ∞ 

m
dvሬ⃗
dt = eEሬሬ⃗  

          ୢ୴౩ሬሬሬሬ⃗
ୢ୲

= ୣ୉ሬሬ⃗

୫
,⟹ ୢ୎౩ሬሬሬ⃗

ୢ୲
= ne ୢ୴౩ሬሬሬሬ⃗

ୢ୲
= ୬౩ୣమ

୫
Eሬሬ⃗ = ଵ

⋀
Eሬሬ⃗     -- London’s equation 

Where,		∧= ௠
௡ೞ௘మ

= ସగఒಽ
మ

௖మ
	  

λ୐ = ቀ ୫ୡమ

ସ஠୬౩ୣమ
ቁ  is known as London penetration depth 

Further from Maxwell’s equation  
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∇ሬሬ⃗ XHሬሬ⃗ =
4π
c J⃗ 

⟹
ߨ4
ܿ ∇ሬሬ⃗ 	X	J⃗ = −

1
c⋀

4π
c Hሬሬ⃗ = −

1
λ୐ଶ

Hሬሬ⃗  

⟹ ∇ሬሬ⃗ 	X	∇ሬሬ⃗ 	X	Hሬሬ⃗ = −∇ଶHሬሬ⃗ = −
1
λ୐ଶ

Hሬሬ⃗  

 Similarly equation also holds for	Eሬሬሬ⃗  also 

∇ଶEሬሬ⃗ =
1
λ୐ଶ

Eሬሬ⃗  

Hence, both electric (Eሬሬ⃗ ) and magnetic (Hሬሬ⃗ ) field penetrate inside a superconductor 

to the distance λL which is called magnetic filed London penetration depth. 

 
Fig. 8. Magnetic field penetrates into the superconducting sample up to a distance of λL 

gradually disappears as it penetrates further. (Hሬሬ⃗ 	 0 as x ∞) []. 
 

 

∇ଶHሬሬ⃗ =
1
λ୐ଶ

Hሬሬ⃗  

With Hሬሬ⃗ = ୢ    gives (௢ܪ,0,0)
మ

ୢ୶మ
H − ଵ

஛ై
మ H = 0  

Using boundary conditions, H(0) = Ho and H(∞) = 0,  we get  
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 H(x) = H଴exp൬ି
౮
ಓై
൰								for	the	magntic	ϐield 

Relation to screening current 

Jୱሬሬ⃗ =
c

4π∇
ሬሬ⃗ 	X	Hሬሬ⃗  

With    Jୱ	ሬሬሬ⃗ = (0, ,௦ܬ 0),⟹ ௦ܬ = ௖
ସగ

ௗு
ௗ௫

 

Jୱ(x) =
c

4πλ୐
H଴exp൬ି

୶
஛ై
൰

 

λL ~ ට ଵ
௡ೞ

, so it decreases with temperature 

λ୐(T) = λ୐(0) ൤1 − (
T
Tୡ

)ସ൨
ିଵ ଶൗ

 

 

Ginzburg–Landau theory:  

Based on the Landau theory on second order phase transition Vitaly 

Lazarevich Ginzburg and Lev Landau proposed [7] that the free energy of the 

superconductor near superconducting transition can be described by a complex 

order parameter ψ   

Ψ is associated with superconducting electron density ns 

݊௦ = |߰|ଶ 

Now expanding Ψ in term of free energy Fs 

Fୱ = F୬ + α|ψ|ଶ + ஒ
ଶ

|ψ|ସ + 1
2m

|(−iℏ∇ − 2eA)ψ|2 + |B|2

2μ0
| 

Where α and β considered as superconducting parameter. Fn is normal 

state free energy, m is effective mass and e is the charge of electron and A is 

magnetic vector potential B is magnetic field. 



Appendix  
 

viii 
 

By minimizing the free energy with respect to fluctuations in the 

order parameter and the vector potential, one arrives at the Ginzburg–Landau 

equation 

αψ +
β
2

|ψ|ଶψ +
1

2m
(−iℏ∇ − 2eA)2ψ = 0 

J =
2݁
݉ ܴ݁{ψ∗(−iℏ∇ − 2eA)ψ} 

For a homogeneous superconductor where there is no superconducting current 

αψ+
β
2

|ψ|ଶψ = 0 

|߰|ଶ = −
ߙ
 ߚ

ψ  is a complex order parameter, hence its magnitude should be  0 

when T > Tc  

|߰|ଶ = 0 

but when T < Tc magnitude of the order parameter is positive 

|߰|ଶ = −
ܶ)଴ߙ − ௖ܶ)

ߚ  

As T approaches Tc, ψ vanishes, which is typical behavior of second order 

transition 

 

Ginzburg–Landau theory introduced new characteristic lengths in 

superconductors they are 

1. Coherence length (defined as the length scale on which the 

superconducting order parameter changes considerably 

ߦ = ඨ
ℏଶ

 |ߙ|2݉

2. Penetration depth (L) which was previously introduced by London 

brothers. Penetration depth  in terms of order parameter 
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ߣ = ඨ
݉

௢݁ଶ߰଴ଶߤ4
 

3. Ginzburg-Landau parameter(is the ratio of penetration depth(L) and 

coherence length( 

ߢ =
ߣ
 ߦ

for Type-I superconductors 0< and for Type-II superconductors 



 

BCS theory: 

John Bardeen, Leon Cooper and Robert Schrieffer, in 1957, proposed the 

basis of a quantum theory of Superconductivity [6] which is now popularly 

known as “BSC Theory”. Specific accomplishments of BSC theory are: 

1. An attractive interaction between electrons can lead to a ground state 

separated from the excited states by an energy gap. The critical field, the 

thermal properties and most of the electromagnetic properties are 

consequences of the energy gap.  

2. The electron-lattice-electron interaction leads to an energy gap of the 

observed magnitude. The indirect interaction proceeds when one electron 

interacts with the lattice and deforms it; a second electron sees the 

deformed lattice and adjusts itself to take advantage of the deformation to 

lower its energy. Thus the second electron interacts with the first electron 

via the lattice deformation.  

3. The penetration depth and the coherence length emerge as consequences 

of the BCS theory. The London equation is obtained for magnetic fields 

that vary slowly in space.  
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4. The criterion for the transition temperature of an element or alloy involves 

the electron density of orbitals D(ЄF) of one spin at the Fermi level and the 

electron-lattice interaction parameter U, which can be estimated from 

temperature dependence of electrical resistivity. For [UD(ЄF)] <<1, the 

BCS theory predicts Tc as: 

Tୡ = 1.14	θ exp ቂ− ଵ
୙	ୈ(∈ూ)

ቃ  

where θ is the Debye temperature. This result for Tc is in agreement at 

least qualitatively with the experimental data.  

Magnetic flux through a superconducting ring is quantized and the 

effective unit of charge is 2e rather than e. The BCS ground state involves pairs of 

electrons; thus flux quantization in terms of the pair charge 2e is a consequence of 

the theory. 

 

4. Vortex matter 

In Type-I superconductors, no magnetic flux can enter the material as long 

as it is in the superconducting state. Once the applied field is more than the 

critical field Hc, the magnetic flux enters the material since it becomes normal.  

In Type-II superconductors, the coherence length is smaller than the 

London penetration depth [9,10]. The partial diamagnetic state occurring between 

the lower critical field (Hc1) and the upper critical field (Hc2) in the M-H phase 

diagram is called the mixed state and is shown in Fig. 6 (b).  

In the mixed state, the magnetic flux lines enter the material in narrow 

regions which become non-superconducting and are comparable to the size of 

coherence length [9, 10]. The entry of flux lines occurs in the form of vortices / 

fluxoids. The entry of a fluxoid locally loses the condensation energy. The loss of 
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energy due to the penetration of fluxoid is called the penalty energy and is ୌౙ
మ

ଶஜ౥
 per 

unit volume.  

The vortices are surrounded by rings of super-currents which shield the 

rest of the superconductor from getting exposed to the applied magnetic fields. 

The vortices arrange themselves in a regular structure known as the vortex lattice 

as described by Abrikosov [11].  This is a quantized effect with the flux quantum 

associated with each of the vortices being 0= h/2e, where h is the Planck’s 

constant and 2e is the total charge of the Cooper pair. A schematic representation 

of the fluxoids in the sample volume is shown in Fig. 10. 

 
Fig. 10. A Schematic representation of the mixed state of a Type-II superconductor. The 
flux tubes (fluxoids) arranged in a two-dimensional lattice, allow the magnetic field to 
penetrate. Each fluxoid is surrounded by superconducting ring currents and enclose one 
magnetic flux quantum.  

The magnetic field, when applied parallel to c-axis of the samples 

generates supercurrents in the a-b planes of the sample. Since the applied 

magnetic field and the generated supercurrents are perpendicular to each other, 

Lorentz force gets generated which tends to move the vortices causing energy 

dissipation. This is schematically shown in Fig. 11.  
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Fig. 11. A schematic sketch showing the direction of the Lorentz force resulting on the 
vortices due to the application of magnetic field.  

In order to minimize the motion of vortices, pinning centers need be 

introduced which pin the magnetic flux lines. This is achieved through vortex 

pinning or flux pinning, by creating normal sites out of which the vortex cannot 

leave without large energy increase [12]. The vortex will be pinned to such 

inclusions as it does not have to spend energy to destroy superconductivity in that 

inclusion. An inclusion is most efficient when its diameter matches with the 

coherence length  of the material [13].  

The bulk pinning force dented as F୮ is the sum over all contributions from 

various pinning centers, and if the number of interactions per unit volume is N, 

then F୮ becomes equal to Nf୮, where f୮ is the elementary pinning force [14]. 

Critical current density is related to the flux pinning force Fp as  

F୮ = Nf୮	 = 	 Jୡ	x	B………. (A.11) 

5. Relation of Jc to the magnetization in orthorhombic samples  

The critical current density ‘Jc’ in type-II superconductors can be 

estimated by analyzing the magnetization using critical state model proposed 

by Bean [8] which was discussed in section 2.7 of Chapter II. 
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The formulation for the samples in orthorhombic geometry is 

discussed below: 

 
Fig. 9. Schematic illustration of the field penetration for (a) one dimensional case 
and (b) orthorhombic geometry. 

Fig. 9 shows a schematic illustration of the field penetration for one-

dimensional orthorhombic case. When Jc along each side of the cross-section 

of the sample is same as the initial M (H) curve is given by 

M(H) = −H + ୌమ

ଶ୎ౙ
ቀଵ
ୟ

+ ଵ
ୠ
ቁ − Hଷ(3Jୡab), for 0 < H < H*      

M(H) = −Jୡ ቀ
ଵ
ଶ
− ୟ

଺ୠ
ቁ, for H∗ < H      

and the reverse curve is given by 
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                                              , for H୫ − 2H∗ < H < H୫    

M(H) = 	 Jୡa ቀଵ
ଶ
− ୟ

଺ୠ
ቁ, for −H୫ < H < H୫ − 2H∗    
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Where a and b are dimensions of the cross section of a sample with a ≥ b 

Therefore for the orthorhombic geometry, when Hm is larger than 2H*,  

M(H)ା − 	M(H)ି = 	 Jୡb ቀ1 − ୠ
ଷୟ
ቁ ………. (2.24) 

6. Applications of Superconductors 

Considerable amount of efforts have been invested in developing 

applications for HTSCs in the fields of power generation, power transmission, 

power storage, particle accelerators, MRI etc. [15-18]. These applications 

make use of the ability of the materials to carry high currents without loss of 

power, to sustain large currents without change in their magnitudes over 

long periods of time, to levitate large weights, to exhibit tunneling effects etc.  

Table 1 lists some of the applications being explored, based on the properties 

exhibited by the superconductor. 

Superconductors can carry electric currents several orders of 

magnitude more than the ordinarily used conductors such as copper, without 

dissipation [19-21]. Magnets with the potential of generating very high fields 

with high homogeneity and stability of the field and better reliability 

compared to resistive / permanent magnets are possible. First operational 

superconductor magnet (developed in 1957) was made with Nb wire, which 

could produce 0.7 T [22]. In 1962, a superconductor magnet was fabricated 

using Nb-Sn, which could produce 7.0 T field. At present, superconductor 

magnets are able to produce 17T of magnetic field [15]. Their use in magnetic 

resonance imaging ensures a superior image quality. In high energy physics, 

particles can be accelerated, deflected and focused by the fields generated by 

superconducting magnets [23].  
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Table 1. Applications of superconductivity 

Basis for Property Applications 

R = 0 and high Jc  

1. Magnets for variety of applications 
2. Passive microwave devices 
3. Interconnects in microelectronics 
4.  Electrical energy transport by cables 

Josephson tunneling  

 

1. Microwave detectors and mixers 
2. In physical measurements (SQUIDs etc) 
3. Computers (fast logic and memory circuits) 
4. Plasma and space 
5. In medicine (magnetic encephalography) 

High Jc at high Hc2 

 

1. Electrical power industry 
2. Plasma confinement (in high energy physics) 
3. In transport (levitation trains, MHD-propelled 
ships) 
4. Medicine (nuclear magnetic resonance 
tomography) 

 

The Superconducting fault current limiter [17] (SC-FCL) is a unique 

device, without any conventional equivalent, which limits the current as soon 

as it oversteps a predetermined threshold value. It prevents the current from 

exceeding a given value. While it presents negligible impedance in no fault 

regime (no voltage drop), it naturally and automatically inserts high 

impedance when the current exceeds a certain value.  

Superconducting flywheel energy storage [24] (S-FES) system is an 

energy storage device with low kinetic energy losses, which utilizes the 

diamagnetic levitation property of superconductor. The system, therefore, is 

one of the most promising candidates for application in the renewable 

energy field, in photovoltaic or wind energy development where power 

generation is intermittent. The use of HTSCs for generation, storage, 

transmission and transformation of electrical power in electrical industry 

has been assessed by major industries all over the world. Fig. 12 [25] shows 
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the projected need for superconductors at various sectors in the coming 

decade. 

 
Fig. 12. The need of superconductors in various areas is increasing and will grow 
multifold in the coming decade as predicted by ISIS (International 
Superconductivity Industry Summit) [25] 

The SQUIDs, using conventional superconductors and operating at 

liquid helium temperature, i.e. 4.2K, are the most sensitive magnetometers 

[18]. SQUIDs, made from oxide superconductors and operating at liquid 

nitrogen temperature (77K), are of interest when it comes to extending their 

use to other applications like portable high field magnets for medical and 

military applications. In VLSI (very large scale integration) technology, the 

use of HTSC interconnections working at 77K offer several advantages and it 

is expected that in high-speed computers and telecommunications, this will 

be used extensively in near-future.  

The possibilities of applications of HTSCs in magnetically levitated 

trains [16] and in magnetic mineral separation is also being pursued [26], 

though making cost-effective devices for uses in these fields appear to be 
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somewhat remote. The three properties of superconductors relevant to 

applications, viz. the critical temperature Tc, critical current density Jc and 

critical magnetic field Hc are continually sought to be improved. The current 

density and magnetic field requirements for different applications are listed 

in Table. 2. 
Table  2. Jc and Hc requirements for various applications in electrical power 
industry 

 

Application Jc (A /cm2) oHc (T) 

Power transmission 2 × 104 1 

Power generation 2 × 104 5–7 

Transformers 104 1 

Power storage 103–104 5–10 

MRI Scanners 104 2 

Mineral separation 104 2-5 

 

Application of superconductors as trapped field magnets, magnetic 

shields and porous superconductors as fault current limiters have been 

discussed in Chapter I. 
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