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Abstract 

 

The overall aim of this work was to improve the mechanical properties of single grain YBCO bulk 

superconductors without causing significant detrimental effects to the superconducting properties of 

the material. It is widely acknowledged that large single grains of GdBCO and SmBCO with silver can 

be batch processed successfully with superior mechanical properties compared to silver-free GdBCO 

or SmBCO, grown by standard top seeded melt growth (TSMG). However, the successful, reliable 

growth of large single grains of YBCO-Ag by TSMG is significantly more difficult and has not 

previously been documented. The ability to alloy the YBCO system is desirable, since this base 

material has better inherent mechanical properties than GdBCO or SmBCO. This work approached the 

successful and reliable single grain growth of YBCO-Ag via a number of incremental stages.  

 

The first stage investigated the provision of additional liquid-phase to the recycling of multi-grain 

samples of YBCO, GdBCO-Ag and SmBCO-Ag. The provision of sufficient additional liquid-phase 

improved both the reliability and uniformity of growth of large single grains. The additional liquid 

enabled the growth of single grains even when large silver or cerium-rich agglomerates were present 

in the melt. The provision of additional liquid-phase was then trialled in the primary growth of YBCO 

by TSMG. This addition resulted in a higher reliability of growth of large single grains. In addition, 

these single grains had superconducting properties of magnitude comparable to, or higher than, those 

of YBCO grown by standard TSMG with a greater uniformity. The increase in reliability and in the 

tolerance to silver-rich agglomerates provided by the provision of additional liquid-phase suggested 

that this technique may enable the successful growth of single grains of YBCO-Ag. Initially the growth 

rate of YBCO-Ag was investigated. Large single grains of YBCO-Ag were then successfully and 

reliably grown by TSMG using heating profiles derived from the growth rate models. A large number 

of large single grains were grown reliably and their superconducting properties were tested. In addition, 

this development enabled the mechanical properties of YBCO-Ag to be analysed in detail for the first 

time.  
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 Introduction 

 

 Superconductors 

High temperature superconducting (HTS) materials have a large number of potential technological 

applications. The existing forms of these superconductors can be grouped into three main 

categories: wires and tapes, thin films and bulk materials. These materials can be used to produce 

wires with high critical current densities (Jc) able to transport large electrical currents with minimal 

power losses, and tapes which are able to generate high magnetic fields. These materials can be 

used for thin films utilized in superconducting devices that rely upon quantum phenomena; these 

include superconducting quantum magnetic interference devices (SQUIDs) and quantum 

computers. The final category, upon which this work is focused, are bulk, single grain materials 

which are used primarily for levitation and shielding purposes. 

 

 Bulk high temperature superconductors for applications 

HTS single grains have the ability to trap large magnetic fields of over an order of magnitude 

greater than those of conventional permanent magnets. They also have the ability to provide stable 

levitation [1]. As a result, there are a wide range of potential applications for these materials, 

classified into 3 main categories: levitation devices, rotating machines and a class of devices that 

use the high magnetic field directly. Levitation devices include Maglev trains, flywheels and 

seismic isolation devices. Rotating machines include motors and generators. The class of devices 

that use high magnetic field directly includes applications such as sputtering systems, separators, 

drug delivery systems and nuclear magnetic resonance (NMR) systems [2-4]. 

 

Bulk applications require materials with high Jc values. The Jc value is the highest DC current 

density a superconductor can support while retaining zero resistance. A high Jc value is crucial to 

the practical application of a bulk superconductor because the current circulating within the 

material is responsible for the magnitude of the trapped field generated. Depending on the 

application, either the trapped field itself or the levitation force provided due to the trapped field 

is the most important parameter. A large Jc value enables a large trapped field to be produced by 

the bulk superconductor and a large levitation force results. In addition, the resistance must be 
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retained at zero to enable the superconducting current to continue to flow. Any resistance in the 

bulk superconductor will dissipate energy, reduce the current circulating and the trapped field, and 

hence decrease the levitation force over time following magnetisation.  

 

The value of Jc is strongly dependent upon the microstructure and is not an intrinsic property of 

the material. This property is heavily dependent upon the processing conditions; in order to 

produce bulk superconductors with high Jc values, a uniform, continuous matrix containing a 

homogeneous dispersion of defects is required [5-8]. Initially, sintering methods used in the 

fabrication process resulted in the production of polycrystalline samples. Polycrystalline samples 

have low Jc values because high angle grain boundaries form weak links to the flow of supercurrent 

[3,4]. The practical application of these sintered polycrystalline samples was limited due to low Jc 

values, hence single grain samples that contain fewer weak links are more desirable for practical 

applications [6, 9, 10]. Current research into HTS bulk superconductors is focused on improving 

their superconducting and mechanical properties. During the growth process there are a substantial 

number of interdependent variables, many of which are determined empirically from research and 

experience. It is, therefore, difficult to optimise the processing conditions and so further research 

into the fabrication of single grains is required to improve the growth process, both in terms of the 

reliability and the properties of the material produced [11]. 

 

Single grain RE-Ba-Cu-O [(RE)BCO], where RE (rare earth) = Y, Gd or Sm, is one of the most 

widely studied bulk HTS materials. There are many growth processes that have been developed to 

enable single-grain fabrication of (RE)BCO bulk superconductors. 

 

 Fabrication and superconducting properties of (RE)BCO  

(RE)BCO has an oxygen deficient perovskite structure with layers of CuO2 [8]. The structure of 

YBCO is shown in Fig. 1.1. The non-superconducting tetragonal structure is transformed post-

processing to a superconducting orthorhombic structure during oxygenation. (RE)BCO 

compounds have a layered structure. The anisotropic nature of the structure causes both the 

mechanical and superconducting properties to be very anisotropic. Charge carriers are only able 

to propagate in the CuO2 plane, referred to as the a/b-plane. Therefore, the achievable Jc value is 

significantly higher in the a/b-plane than along the crystallographic c-axis direction [8, 12]. The 
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anisotropy in superconducting properties necessitates the fabrication of single grains with a 

controlled orientation. The control of lattice orientation during melt processing is provided by a 

single grain seed, which is used to nucleate and grow a large, single grain sample.  

 

 
Figure 1.1: The structure of YBCO: a) non-superconducting tetragonal phase and b) superconducting 

orthorhombic phase, with the atoms in colours: Blue=Y, Yellow=Ba, Red=Cu and Grey=O [13]. 

 

 Crystal growth of single grain bulk (RE)BCO 

Many melt processing techniques have been developed in order to fabricate large single grains of 

(RE)BCO. These techniques are based upon the peritectic reaction: 

 

(RE)2BaCuO5 + Ba3Cu5O8 (liquid-phase) → 2 (RE)Ba2Cu3O7-δ 

 

in the case of the YBCO system the peritectic reaction:  

 

Y2BaCuO5 + Ba3Cu5O8 (liquid-phase) → 2 YBa2Cu3O7-δ 

 

occurs at approximately 1000 °C [13].  
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The corresponding phase diagram is shown in Fig. 1.2, with the region of interest in the majority 

of fabrication processes being the section corresponding to 20 to 50 mol % on the x-axis of the 

diagram.  

 

The two melt processing techniques regularly used for the fabrication of large single grains of 

(RE)BCO are the so-called top seeded melt growth (TSMG) and infiltration growth (IG) processes 

[5, 14].  

 

 
Figure 1.2: The phase diagram for the YBCO system [14]. 

 

TSMG is one of the simplest and most widely used methods for the fabrication of large, single 

grain bulk (RE)BCO [5, 14]. In this process a precursor powder pellet is pressed from pre-mixed 

powders consisting of a combination of (RE)Ba2Cu3O7-δ (RE-123), which forms the 

superconducting matrix, (RE)2BaCuO5 (RE-211), which predominantly forms non-

superconducting inclusions, and alloying elements such as CeO2 and Pt that improve the 

microstructure and properties [4].  

 

The sample and seed assembly is heated and held above the peritectic decomposition temperature 

(Tp) of the target RE-123 phase. The powder decomposes into a secondary RE-211 solid phase and 
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a residual Ba-Cu-O liquid-phase. Slow, controlled undercooling in the presence of a suitable seed 

crystal enables a single grain to be fabricated successfully. 

 

The infiltration growth (IG) technique is an alternative fabrication technique for the growth of 

large single grains of (RE)BCO. The assembly used typically consists of a RE-211 preform pellet 

placed above a liquid-phase-rich source pellet of a slightly larger diameter. In some cases the RE-

211 preform is sintered before assembly to ensure it retains the required shape during processing. 

Recently, a buffer has been placed between the RE-211 preform and the single grain NdBCO seed 

[7]. The assembly is heated according to a heating profile similar to that used in TSMG. During 

heating the liquid-phase-rich source pellet melts while the RE-211 preform pellet remains solid. 

The liquid infiltrates upwards into the preform and reacts with the RE-211 phase to form the RE-

123 matrix on cooling [15]. Nucleation occurs at the seed in order to enable single grain growth. 

Although this process has a number of advantages, it is more difficult to implement successfully 

due to the additional processing parameters involved. 

 

Each of the processing techniques described have a number of associated advantages and 

disadvantages. A trade-off between the ease of processing and the sample properties must be 

considered. TSMG is able to produce large, high quality, single grains. However, during the 

growth process, a large amount of liquid outflow occurs, as does a significant amount of shrinkage. 

The extended period at high temperature facilitates the undesirable coarsening of RE-211 pinning 

centres. In addition, some research groups have reported that the chemical composition of the 

samples grown by TSMG tend to be more inhomogeneous than those grown by IG, and that this 

is due to the growth process and the liquid outflow during processing [4, 7]. However, this view 

is not shared by all researchers in the field given that developments in TSMG of bulk 

superconductors have enabled reliable growth of bulk single grains with a very homogeneous 

microstructure.  

 

Single grains grown by seeded IG exhibit negligible shrinkage and distortion, which enables near-

net shape fabrication. In addition, in comparison with the TSMG process, the size of the RE-211 

precipitates can be refined more easily in the IG process and the number and density of pores, 

cracks and RE-211 deficient regions is much lower in single grains produced by IG compared to 
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TSMG [4, 7]. The high level of porosity found in samples grown by TSMG is partially due to the 

evolution of oxygen gas during peritectic decomposition of Y-123 in the reaction: 

 

2 YBa2Cu3O7 → Y2BaCuO5 + 3 BaCuO2 + 2 CuO 

 

The CuO decomposes according to: 

2 CuO → Cu2O + 0.5 O2 ↑ 

 

Oxygen gas which is produced at the edge of the sample is able to diffuse out, but bubbles of gas 

produced within the interior of the sample become trapped and form pores. It has been observed 

that a higher heating rate produces larger pores in the TSMG process [7]. 

 

The pores formed in samples grown by TSMG can retain pools of liquid at high temperatures and, 

on cooling, this liquid may react with surrounding RE-211 particles to form the RE-123 matrix. 

This reaction within and surrounding the pores produces large RE-211 deficient regions. This 

process does not occur in samples grown by IG [7]. 

 

Although the IG process results in samples with lower porosity, fewer RE-211 precipitate-free 

regions, and finer and more controlled RE-211 size and shape than the TSMG process, the samples 

grown by IG show a reduced uniformity in the microstructure. In turn, the uniformity of the Jc 

value throughout the sample is more variable than in samples grown by TSMG. It is also more 

difficult to reliably produce high-quality single grain samples using the IG process. 

 

 Improvement of mechanical properties 

It has been widely reported that the mechanical and superconducting properties of (RE)BCO can 

be improved by alloying with other elements or compounds [16-19]. Until recently, most studies 

have focused on improving the superconducting properties of (RE)BCO bulk superconductors, 

but, in most cases, the limitation is their mechanical properties [20]. The ceramic-like nature of 

(RE)BCO materials makes them inherently brittle [16, 20]. On magnetisation, samples experience 

large Lorentz forces, which, if sufficiently large, cause fatal cracking. This limits the maximum 

magnetisation and hence, in turn, the mechanical properties limit the achievable superconducting 
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properties [17]. This subsequently reduces the suitability of these materials for applications 

involving relatively high magnetic fields [16, 20]. 

 

(RE)BCO bulk superconductors are anisotropic and the ab-plane is the first cleavage plane under 

mechanical stress. In YBCO, bending about axes in this plane leads to the lowest flexural strength; 

estimated to be 8.6 MPa [21], compared to between 24 MPa [22] and 70 MPa [23] for bending 

about the c-axis. Although the material has the lowest strength for bending about axes in the ab-

plane, this does not need to be considered in detail as the largest stresses induced by the Lorentz 

force produce radial and hoop stresses but no significant longitudinal stresses.  

 

Brittle fracture is critical in the case of (RE)BCO bulk superconductors. Brittle fracture is initiated 

by pre-existing flaws within the material, such as pores, surface scratches, inclusions or other types 

of inhomogeneity [24]. These materials inherently contain a large number of pores and a number 

of cracks; many of these are created during the growth and oxidation process, as explained later. 

The presence of these pores and cracks weakens this material significantly. Pores act as stress 

concentration sites, and so promote both fracture initiated from another source and fracture due to 

the introduction of micro-cracks. Therefore, an increase in pore volume reduces the elastic 

modulus, fracture toughness [25-27] and the strength of the material [28]. There are a number of 

models for the strength at a given porosity, σ, for example one model gives;  

 

𝜎 = 𝜎0𝑒−𝑏σ𝑃v (1.1) 

 

where Pv is the volume of pores, σ0 is the pore-free strength and bσ is an empirical constant [29]. 

 

In addition to the amount of porosity, the shapes, sizes and locations of pores affect the fracture 

properties of the single grain material [30]. This is illustrated by the equation below, in which the 

shape and size of the crack are critical when the fracture toughness, KIC, of the material is fixed:  

 

𝐾IC = 𝑌𝜎√π𝑎 (1.2) 
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where Y is dependent on the flaw location and shape, σ is the remote stress and a is the flaw half-

length. Therefore, the failure of bulk superconductors by fast-fracture is determined by a number 

of variables related to the intrinsic flaw size.  

 

The compound effect of all of these variables must be considered when studying the mechanical 

properties of these materials. Alongside the pores, the presence of cracks within the microstructure 

is detrimental to the mechanical properties of bulk superconductors. Cracks are generally much 

more dangerous given that they are more difficult to detect and are much sharper, but are also 

generally much smaller in size.  

 

The (RE)-211 agglomerates are responsible for some of the cracking present within the single 

grain microstructure. The (RE)-211 agglomerates are pushed by the growth front during grain 

growth. The pushing and final location of each of these agglomerates depends upon the size of the 

agglomerate and the speed at which the growth front advances. This generally leads to an 

inhomogeneous distribution of the (RE)-211 agglomerates throughout the bulk sample. These 

samples are stress-free at high temperatures and in a semi-molten state, but, on cooling, large 

stresses are created within the material. This is due to the difference in the coefficient of thermal 

expansion between the (RE)-123 matrix and (RE)-211 agglomerates. It is estimated that these 

stresses reach values of 50 to 100 MPa in YBCO [31], which is significantly higher than the 

flexural strength of the material, so this can cause micro-cracks in the ab-plane. In addition, this 

thermal expansion mis-match can enable the creation of cracks directly around the (RE)-211 

agglomerates [31]. However, the growth of these cracks is usually limited, so this is unlikely to 

lead to the failure of large samples.  

 

Oxygen annealing, which is carried out to convert the non-superconducting tetragonal structure of 

the (RE)-123 matrix to the octahedral superconducting structure, is also responsible for introducing 

macro- and micro-cracks to the sample microstructure [32, 33]. During oxygen annealing of 

YBCO, the c-axis length of the unit cell shrinks when the x value in YBa2Cu3Ox increases [34, 35]. 

The increase in oxygen concentration leads to the generation of large mechanical stresses within 

the material. This is due to the RE-211 particles providing constrains on the movement and 

extension of the c-axis length. In addition, the oxygen diffusion coefficient in the ab-plane is 104 
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to 106 times larger than in the c-direction [36]. Therefore, these stresses tend to open-up cracks 

within the ab-plane. 

 

The evolution of oxygen gas during peritectic decomposition is responsible for the creation of the 

characteristically large number of pores present within each sample.  

 

The predominant failure of these materials is caused by crack initiation and growth: either from a 

pre-existing crack or from a defect present within the structure. There are a number of competing 

factors involved in crack growth. Crack growth ahead of the crack tip is promoted by intrinsic 

microstructural damage. In these ceramic-like materials the microstructural damage includes pores 

and cracks already present within the microstructure. Crack growth is impeded, in general, behind 

the crack tip by extrinsic mechanisms. In order to reduce crack propagation under load, therefore, 

these intrinsic and extrinsic features should be modified appropriately [37].  

 

The initiation and propagation of cracks for a given remote applied stress can be reduced by 

improving the intrinsic material properties. In single grain bulk superconductors, this can be 

achieved by reducing the size and volume fraction of pores present within the single grain, and by 

reducing the number and size of the cracks present within the microstructure. This is difficult to 

achieve, and so the crack initiation and propagation in these materials is inhibited predominantly 

by providing and enhancing extrinsic mechanisms.  In general, these are used to shield the crack 

tip from high stress intensities [38, 39], thus increasing the fracture toughness of the material. 

Some materials undergo an in-situ phase transformation at the crack tip. This is not the case in 

YBCO, but is observed extensively in zirconia [39]. Another approach is to use micro-crack 

toughening, whereby the stress at the crack tip causes the micro cracking of small particles present 

within the microstructure at the advancing crack tip [39]. A more important, but similar approach, 

vital for crack growth reduction in YBCO single grains, is the ability of the Y-211, or other 

particles introduced into the single grain, to cause crack branching and crack meandering due to 

crack deflection at these particles. This can have an even bigger effect in multi-grain materials 

since the interfaces are able to provide crack deflection. In addition, crack bridging by fibres, or if 

the crack is engineered to intersect a ductile phase that undergoes plastic deformation as the crack 

passes, provides another way of improving the strength of the material [38, 39].  
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The extrinsic shielding is, critically, dependent on the crack size and geometry [37]. Therefore, in 

order to improve the mechanical properties, at the lowest level, the porosity and cracks within a 

sample should be as small as possible and there should be as few as possible, as will be determined 

by the growth process. At a more complex level, particles or fibres should be added to provide 

crack deflection and crack bridging [37]. 

 

In order to achieve as many of these positive effects as possible, the pores and cracks should 

generally be filled, and it would be beneficial for the material used to do so to be ductile. Silver is 

commonly introduced to the bulk microstructure of GdBCO and SmBCO to enable significant 

improvement in the mechanical properties of these single grains [40, 41]. The addition of silver 

increases the fracture toughness [42] and bending strength [41, 43] without degrading the 

superconducting properties [40, 42, 44, 45]. A significant increase in the fracture toughness (KIC) 

from 1 MPa m1/2 to over 2.4 MPa m1/2 can be achieved by the addition of 30 wt% Ag2O to the 

melt. This increase in fracture toughness is, in part, due to the increase in the ability of the sample 

to deform plastically with an increase in the volume percentage of silver added, shown in Fig. 1.3 

[16]. This graph shows that the addition of silver enables a higher stress and strain to be reached 

before failure, and with a volume of 92 % silver the material is able to behave in a ductile manner 

rather than behaving as a brittle material.  In addition, the metallic silver introduced is able to 

occupy locations that would otherwise have been pores in the final microstructure [41]. A number 

of studies have suggested silver within the melt fills some of the pores in the single grain 

microstructure [40, 46]. Many studies have also suggested that the Ag precipitates present within 

the structure modify the distribution of residual stresses [47]; these residual stresses are leading 

factors in the propagation of dislocations and cracks [44].  

 

The incorporation of silver into the pores and cracks within the structure is important for the 

improvement of the mechanical properties [48]. The Ag precipitates modify the residual stress 

distribution within the bulk sample. This occurs because strains are generated within the 

microstructure during cooling due to the different thermal expansion coefficients of Y-123 and Ag 

[49]. It has also been discovered that large stresses are created around Ag and Y-211 inclusions 

after processing [50]. Ceramic materials subjected to compressive stress are less likely to crack or 

fail than when subjected to tensile stresses. This provides the opportunity to engineer the sample 
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microstructure via the addition of silver to optimise the intrinsic resilience to such potentially 

destructive forces.  

 
Figure 1.3: A plot of the flexural stress against displacement for YBCO alloyed with: 1) 0 %, 2) 50 %, 3) 67 

% and 4) 92 % by volume Ag [25]. 

 

The fabrication of large, single grain bulk samples by batch processing has been achieved 

successfully for YBa2Cu3O7 (YBCO) and both the GdBa2Cu3O7-Ag (GdBCO-Ag) and 

SmBa2Cu3O7-Ag (SmBCO-Ag) systems [51]. However, successful and reliable batch processing 

of YBa2Cu3O7-Ag (YBCO-Ag) has yet to be achieved due to the greater complexity of the growth 

process of YBCO-Ag. The addition of greater than 5 wt% silver to the melt causes a large reduction 

in the peritectic temperature [20, 52] of approximately 30 °C in the YBCO system [53]. The 

reduction in the peritectic temperature of YBCO-Ag in comparison to the YBCO system leads, in 

turn, to a considerable narrowing of the temperature window available for successful single grain 

growth. Hence, a substantially different heating profile is required for the growth of YBCO-Ag 

single grains to that of the YBCO single grains that do not contain silver. A reduction in the 

maximum processing temperature affects many aspects of the growth process, including initial 

decomposition [42], solute diffusion and interface kinetics. This therefore reduces the growth rate 

of YBCO-Ag in comparison to YBCO. [20] The reduction in processing temperature also 

significantly increases the likelihood of spontaneous nucleation of secondary grains [20] and 

further complications arise due to the low solubility of silver in the melt [53]. In addition, the 

diffusion of Y to the growth front is much slower than that of Gd or Sm. Therefore, a further 
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reduction in the diffusion speed due to the reduction in processing temperature will reduce the 

growth rate further, hence making it more difficult to fabricate single grains of YBCO-Ag than 

GdBCO-Ag or SmBCO-Ag.  

 

If the likelihood of successful single grain growth of YBCO without silver can be improved, this 

will increase the likelihood of successful growth of YBCO-Ag. The successful growth of YBCO-

Ag provides an opportunity to improve the mechanical properties of the YBCO system and reduce 

the limitation that the mechanical properties place upon the superconducting properties in the 

YBCO system.  

 

 Models related to the growth of (RE)BCO single grains 

Solidification models are usually based upon a diffusion limited model and, on some occasions, a 

model limited by interfacial kinetics. In the growth of single grains of (RE)BCO, both the diffusion 

and interfacial kinetics limit growth to some extent. Many of the diffusion-limited models assume 

that primary crystallisation is due to a balance between the mass flow through an interface and 

flow originating from the RE-211 particles dissolving ahead of the growth front within the melt. 

In addition, the facet lines produced during growth show that, to some extent, kinetics also 

influence crystal growth. Facet lines are growth sector boundaries, each of these growth sectors 

grow from the seed in a given orientation until they fill the space available to them.  

 

Crystal growth is initiated by nucleation from the single grain seed. It is therefore important that 

the seed has an elevated melting temperature in comparison to the maximum temperature used in 

the heating profile. In addition, the seed must have a similar lattice structure to RE-123 in order to 

ensure lattice misfit does not prevent single grain growth. The extent of this problem has, however, 

been reduced effectively by the use of a buffer pellet placed between the seed and precursor pellet.  

 

The undercooling temperature during the growth process influences the growth rate; a higher 

growth rate is produced by a greater undercooling and so larger grains can be produced. However, 

larger undercooling also increases the likelihood of undesirable nucleation and growth occurring 

at points other than the seed. This leads to the growth of secondary grains.  
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 Push-trap theory 

Movement of the RE-211 particles occurs during the growth of (RE)BCO from a melt of RE-123 

with an excess of RE-211. As a result, the quantity of RE-211 in the single grain increases with 

distance from the seed. The distribution of RE-211 within the RE-123 matrix can be modelled by 

the so-called Push-trap theory. The RE-211 particles can be modelled as inert particles at an 

advancing growth front. The dominant forces acting upon the RE-211 particles are the drag force 

(FD), due to viscous flow around the particle, and the force arising due to interfacial energy (∆σ0 = 

∆σsp - ∆σlp - ∆σsl, where the subscripts s, p and l represent solid, particle and liquid, respectively) 

which is the difference between three interface energies and should be positive in order for particle 

pushing to occur. Particles of RE-211 with a radius greater than the critical radius (r*) are trapped 

as the single grain grows. Particles smaller than the critical radius are pushed, and move with the 

solidification front. The relationship between the growth rate and critical radius is: 

 

𝑅 ∝
∆𝜎0

𝜂𝑟∗
 (1.3) 

 

where R is the growth rate and η is the melt viscosity [54, 55]. A schematic of the forces involved 

is shown in Fig. 1.4.  

 

The general trend whereby the content of RE-211 increases with distance from the seed is in 

agreement with this model. During the initial stages of nucleation, the growth rate is low and so 

the critical radius of the RE-211 particles is large, hence the majority of the RE-211 particles are 

pushed with the advancing solidification front. As the grain growth proceeds, the undercooling 

increases, hence the growth rate increases. This reduces the critical radius and so enables smaller 

and more RE-211 particles to be trapped with increasing distance from the seed [56]. 

 

Although this model is in agreement with the general trend, care must be taken with its use to 

model the growth process of the (RE)BCO system. This model assumes the particles modelled are 

inert whereas, in the case of excess RE-211 in a RE-123 melt, some of the RE-211 dissolves and 

reacts with the liquid at the growth front, so the assumption of inert particles is only valid for 

conditions of high undercooling.  
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Figure 1.4: A schematic illustration of the forces acting on a particle in front of the solid/liquid interface; 
FD is the drag force due to viscous flow around the particle and FI is the force due to interfacial energy. 

 

 Diffusion theory 

One of the models of crystal growth is based upon the solute diffusion model. In the case of the 

(RE)BCO system this states that the growth of a RE-123 single grain depends upon the diffusion 

of RE3+ ions which dissolve in RE-211. The dissolving of RE3+ ions is driven by the concentration 

gradient of RE3+ at the solidified RE-123/liquid-interface and RE-211/liquid-interface [54, 56, 57]. 

The diffusion of RE3+ ions within the melt to the solidification front is proportional to the square 

of the undercooling (∆T2). Therefore the undercooling temperature determines the growth rate of 

single grain samples growing according to this theory [58]. 

 

 Ostwald ripening 

The elevated maximum processing temperature and extended hold time at high temperature causes 

coarsening of the Y-211 particles [55]. This coarsening is undesirable as many small RE-211 

particles are preferred to a small number of large RE-211 particles. The coarsening of RE-211 

particles scales in proportion to the cube root of the time held at an elevated temperature, t. 

Coarsening can be modelled by the Ostwald ripening theory with an adapted mean radius, which 

accounts for the fact that the RE-211 particles are rod-like rather than spherical. This is given by: 

 

𝑟 = 𝛼(𝐷L𝛤𝑡)
1
3 (1.4) 

 

where r is the modified mean radius, α is a constant, DL is diffusivity of (RE) in the liquid and 𝛤 

is the Gibbs-Thomson coefficient, this is valid when the initial radius is small compared to the 

r
FI

FD

Solid

R
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current radius [8, 59]. The coarsening of the RE-211 particles is governed by both the diffusion of 

solute through the liquid and the reaction at the interface between the coarsening particle and the 

liquid-phase.  

 

The addition of a small quantity of CeO2 or Pt can reduce the coarsening of the Y-211 particles 

during melt processing carried out under the same conditions. With this addition, the value of DL 𝛤 

in the Ostwald ripening model is altered, this alters the coarsening rate of the Y-211 particles in 

the Y-123 melt [54]. 

 

 Secondary nucleation 

Secondary nucleation occurs when a second grain is nucleated at a point other than the seed. This 

produces a multi-grain sample. Multi-grain samples are undesirable as the undisturbed area over 

which the critical current can flow is significantly reduced in comparison to a single grain sample 

of the same size. Grain boundaries provide a physical barrier to the flow of superconducting current 

[58]. The formation of secondary grains may occur for a number of reasons, these include: 

aggregates of a powder present due to poor mixing of precursor powders, foreign particles entering 

the powder between the stages of mixing and melt growth, seed failure (if the seed is not uniform 

in shape or not a single grain), and nucleation occurring from another solid part of the assembly.  

 

The likelihood of secondary grain formation can be significantly reduced by careful control of the 

undercooling during the growth process. Larger undercooling provides a larger driving force for 

nucleation. In order to reduce the likelihood of secondary nucleation it is preferable to reduce the 

undercooling. However, the undercooling is also responsible for the single grain growth rate. The 

heating profile must be carefully optimised to control the undercooling and account for the trade-

off between high growth rates and reducing the likelihood of the nucleation of secondary grains to 

an acceptable level. The undercooling and driving force for nucleation are related by the equation 

for Gibbs free energy: 

∆𝐺(𝑇) =
∆𝐻(𝑇)

𝑇m
∆𝑇 (1.5) 
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where ∆G is the driving force, ∆H is the change in enthalpy, Tm is the melting temperature and ∆T 

is the undercooling [58]. 

 

 Superconductivity theory 

Superconductivity was discovered in 1911 when Kamerlingh Onnes observed that mercury lost all 

resistance to the flow of DC electrical current when cooled below 4.2 K [60]. Superconductivity 

was observed in many other metals immediately after this discovery. However, until 1930, the 

highest temperature at which the transition to the superconducting state (Tc) had been observed 

was only 9.2 K. These discoveries led to a number of theories and models to explain and predict 

this behaviour. These included models based upon the behaviour of electrons, the Messiner effect, 

penetration depth and coherence length [60]. The first non-phenomenological theory, the BCS 

theory, was proposed in 1957, which explained superconductivity through the formation of Cooper 

pairs [61]. Many further theories were subsequently proposed to explain low temperature 

superconductivity. In 1986 the interest in superconductivity was revived by the discovery of high 

temperature superconductivity by Bednorz and Muller in the La2-xSrxCuO4 compound. This was 

followed by further discoveries; YBCO in 1987 [62], other (RE)BCO high temperature 

superconductors (HTSs) and, most recently, with the discovery of MgB2 [63] and Fe-based 

compounds [64]. 

 

High temperature superconductors typically have a Tc greater than 90 K, which is substantially 

higher than the boiling point of liquid nitrogen of 77 K. Liquid nitrogen is much easier to handle 

and significantly less expensive than the liquid helium required for cooling of low temperature 

superconductors. Therefore, from an industrial perspective, HTS materials are much more 

desirable for practical applications. 

 

 Fundamental characteristics of superconductivity 

There are three fundamental characteristics associated with superconductivity [60]. One of the 

most well-known characteristics is the ability of a superconductor to abruptly lose all resistance to 

the flow of DC electrical current when cooled below Tc. The second important characteristic is the 

ability of a superconductor to exhibit perfect diamagnetism. Screening currents flowing near to the 

surface of the material prevent magnetic flux penetrating the sample, which gives superconductors 
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the ability to completely exclude magnetic flux from their interior, at least at relatively low field. 

This ability which cannot be explained by Faraday’s law, is widely accepted to be due to a phase 

transition, determined by thermodynamics, which occurs within the material. The exclusion of 

magnetic flux from the interior is referred to as the Meissner effect. The final characteristic is that 

all superconducting materials exhibit a discontinuous increase in specific heat when the material 

is cooled towards Tc. This characteristic provides support for the idea that superconductivity can 

be associated with a thermodynamic phase change, as suggested by the Meissner effect [60]. 

 

 Types of superconductors 

So-called Type I superconductors exhibit perfect diamagnetism. They generate an induced 

magnetic field in a direction opposing that of an externally applied magnetic field. Screening 

currents flowing near the surface of the superconductor prevent magnetic flux penetrating into the 

sample. The superconducting ability of a material is abruptly destroyed when the strength of the 

applied field exceeds a critical value, HC1. This behaviour is shown in Fig. 1.5. Type I 

superconductors are typically pure metals. 

 

Type II superconductors behave in the same way as Type I superconductors up to a lower critical 

value of applied field, HC1, with screening currents flowing near the surface preventing magnetic 

flux penetrating into the bulk. Once the magnetic field is above HC1, unlike in Type I, the magnetic 

field is able to penetrate into the material in the form of flux vortices, producing a ‘mixed state’ 

comprising both normal and superconducting regions causing the magnetisation to decrease. Once 

the upper critical field, HC2, is reached, superconductivity is suppressed, and the system becomes 

non-superconducting. The behaviour of both an ideal and a real Type II superconductor are shown 

in Figs. 1.5 and 1.6, respectively. The ideal curves are for a geometry with a demagnetisation factor 

of zero; this corresponds to an infinitely long rod orientated parallel to an applied field. Type II 

superconductors include some metals, and many alloys and oxides, including the (RE)BCO family 

of compounds. Practical Type II superconductors are typically mechanically harder than Type I 

superconductors and exhibit significantly higher Jc values. 
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 M-H curves 

The M-H curve for a typical type II superconductor at a temperature below Tc is shown in Fig. 1.5. 

The initial straight line region, which begins at the origin, shows that when a small magnetic field 

is applied, screening currents flow near the surface and these are able to completely screen the 

interior of the sample from the applied magnetic field. The gradient of this line is (-1) in the 

absence of demagnetisation effects and this region is often referred to as the Meissner state.  

 

Above Hc1, in an ideal type II superconductor, the interior of the sample is no longer completely 

screened, and the magnetic field begins to penetrate into the sample in the form of flux vortices. 

The ideal case is shown as the red line in Fig. 1.5.  

 

With increasing applied field, an increasing field is able to penetrate into the superconductor. At 

Hc2 the flux is able to fully penetrate, and the material is no longer superconducting. The region 

between Hc1 and Hc2 is known as the ‘Mixed state’, and is shown in Fig. 1.5.  

 

Practical Type-II materials such as YBCO do not behave as ideal superconductors, and they do 

not follow the reversible curve exhibited by an ideal superconductor due to the presence of flux 

pinning inclusions. The flux movement is no longer reversible due to the pinning of the flux lines 

by the flux pinning inclusions. This produces a hysteretic magnetisation curve rather than a 

reversible one. The form of the hysteric magnetisation curve can be predicted from the critical 

state model. Fig. 1.6 shows the hysteresis curves modelled by both the Bean and Kim models, with 

the latter including the dependence of Jc on B, the magnetic flux density. As a result, the Kim 

model produces curves much closer in shape to real materials than the Bean model. The Bean 

model, on the other hand, assumes the amount of flux penetration is proportional to B. 
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Figure 1.5: An M-H curve for a typical ideal superconductor showing: (black) an ideal Type I 

superconductor, (red) an ideal Type II superconductor. 
 

 
Figure 1.6: An M-H loop for practical superconducting Type II materials showing loops predicted using 

the Bean model and the Kim model (including the dependence of Jc on B, the magnetic flux density) [51]. 
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 Magnetisation 

There are three main types of magnetisation; zero field cooling (ZFC), field cooling (FC) and pulse 

field magnetisation (PFM). In ZFC the sample is cooled in the absence of an applied field. A 

magnetic field is then applied on reaching a temperature below Tc. The trapped magnetic field is 

measured on removal of the external magnetic field. 

 

In FC an external magnetic field is applied whilst the sample is cooled from room temperature to 

below Tc. The trapped magnetic field is measured on removal of the external magnetic field. In 

this magnetisation process, the magnetic field present within the sample before cooling is trapped 

within the interior of the material by the shielding currents present at the surface when the sample 

is cooled below Tc.  

 

PFM is widely used for magnetisation in-situ within a device since it is simple, relatively cheap, 

quick and can be carried out by a compact magnetising assembly. The sample is cooled initially 

and then a series of intense pulses of current are sent to a pulsed field coil. The pulsed field coil 

generates short, intense bursts of magnetic field enabling magnetisation of the sample.  

 

Cooling and application of an external magnetic field induces an electromotive force within the 

bulk. The electromotive force, in turn, induces eddy currents into the sample which circulate within 

the layers of the a/b-plane. The eddy currents generate a magnetic field in opposition to the field 

responsible for their induction. When the external magnetic field is removed the eddy currents 

reverse and a remanent magnetic field remains. Upon removal of the external magnetic field, the 

trapped field at the top and base can be measured to give an indication of the superconducting 

ability of the sample.  

 

 Transition temperature and critical current density 

Both Tc and Jc are important superconducting properties used to define whether a superconducting 

material is suitable for practical application. Tc is the temperature below which the resistance of 

the sample to DC current reduces to zero. Jc is defined as the highest DC current density a 

superconductor is able to support whilst retaining zero resistance and is dependent upon the 
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presence of flux-pinning inclusions within the sample. The Tc value for a sample can be measured 

directly and is generally similar for every sample within the same (RE)BCO system. The value of 

Jc is widely estimated by the Bean Model [65] and varies significantly between samples and 

between sub-specimens within the same system and within the same sample. The Jc value is 

heavily influenced by the fabrication technique and microstructure of the material [11].  

 

 The Bean Model 

The extended Bean model is widely used to estimate the Jc value for small, cuboid samples 

subjected to a magnetic field [65]. The Bean model assumes an applied field is able to penetrate 

into the superconductor when the field is above the lower critical field (Hc1) and a persistent 

supercurrent is able to flow when the flux lines are pinned against the Lorentz force.  

 

The Bean model is used to describe a superconductor in the critical state, i.e. when it has a 

supercurrent density of either 0 or Jc everywhere within the material, implying that there are no 

localised magnetic dipoles present in the sample microstructure. It is assumed that there is no flux 

creep within the sample and that Jc value is independent of the magnetic field and so has a constant 

value across the entire superconductor. In general, in practical cases, the value of Jc is not 

independent of the magnetic field; the value of Jc usually decreases with increasing applied field. 

Although the assumptions of the model are not completely valid for the practical case, they are a 

good approximation, and so the extended Bean model is widely used to estimate the value of Jc of 

a specimen.  

 

 The effect of pinning centres 

The magnitude of the achievable trapped field is determined by Jc. The larger the magnitude of the 

critical current, the greater the trapped field achieved. The magnitude of the critical current in 

(RE)BCO bulk superconductors is determined primarily by flux pinning [66]. Defects and non-

superconducting inclusions of the same order of size as the fluxoid are able to act as pinning 

centres. The main contribution to flux pinning in the (RE)BCO system is provided by RE-211 non-

superconducting inclusions [67]. The interaction of a fluxoid with a pinning centre lowers the 

energy of the fluxoid and so enables the fluxoid to be pinned. If movement of the fluxoid is to 

occur, it must gain the energy that it released upon being pinned. No flux pinning occurs in ideal, 
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reversible Type II superconductors, when a current density of J flows in the superconductor in the 

presence of a magnetic field and each of the magnetic flux quanta penetrating into the sample is 

subjected to a force of FL = J x B, where F, J and B are vectors. The movement of fluxoids in a 

direction perpendicular to the current, caused by the Lorentz force, generates a voltage of E = v x 

B, where v is the velocity of each fluxon and E, v and B are vectors. The voltage generated creates 

resistance, and hence loss, within the superconductor. The effect of pinning of these fluxoids is 

extremely important in allowing the superconducting phenomenon to occur in practical 

applications of these materials [8].  

 

Single grains that exhibit optimum superconducting properties require a uniform distribution of 

nano-sized defects and inclusions to be present within the superconducting matrix. These small 

defects and inclusions are able to provide effective flux pinning. To ensure the greatest 

effectiveness for flux pinning, the size of the pinning centres should be of the order of size of the 

coherence length [68, 69]. The coherence length in the YBCO system is of the order of nanometres 

[70, 71], whereas the Y-211 inclusions typically have a size of the order of micrometres. Although 

the size of the inclusions in the YBCO system are three orders of magnitude larger than the 

coherence length, these inclusions are still able to enhance the flux pinning, and hence improve 

the magnitude of the Jc value [72]. The pinning occurs in these systems at the interface of the Y-

211 inclusions, and smaller pinning centres have a higher effectiveness. Hence, for optimum 

pinning the Y-211 inclusions should be engineered to be as small as possible [67]. The Jc value 

has been reported to increase with the V211/d211 ratio, where V211 is the volume fraction of Y-211 

and d211 is the average size of the Y-211 particles [72, 73]. The Y-211 inclusions provide a major 

contribution to flux pinning in the YBCO system, so the uniformity and magnitude of critical 

current depends on the distribution and density of Y-211 within the superconducting Y-123 matrix. 

A greater uniformity in Jc values is produced by a more uniform distribution of Y-211 particles 

and a larger magnitude of Jc value is produced by a higher density of small Y-211 inclusions. There 

is a limit to the effectiveness of increasing the density of Y-211 inclusions on the increase in 

magnitude of Jc, since increasing the volume fraction of Y-211 decreases the volume fraction of 

superconducting Y-123 matrix within which the superconducting current is able to flow.  
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The growth process is highly influential in determining the superconducting properties of a bulk 

superconductor. The composition of the sample, particle size within the precursor powder and the 

variables modified within the growth process determine the microstructure of the sample. The flux 

pinning ability of each sample depends, in turn, upon the microstructure and hence this determines 

the achievable value of Jc [41, 54]. 

 

 Superconducting properties of (RE)BCO 

Table 1.1 gives the typical transition temperature and critical current density for a range of 

common (RE)BCO materials. Although both the Tc and Jc values are lower in the YBCO system 

than in the other systems listed in the table, YBCO is a very useful material and in many 

applications these lower values are not limiting. In addition, YBCO precursor powders are less 

expensive and more widely available from suppliers. This system has also been more widely 

researched and so more detailed information is available on this system.  

 

Material Tc (K) Jc(0) at 77 K (kA cm-2) 

NdBa2Cu3O7 95.0 40-50 

SmBa2Cu3O7 93.5 40-50 

GdBa2Cu3O7 92.5 50-60 

YBa2Cu3O7 92.0 20-30 

Table 1.1: A table showing the typical Tc and Jc values of the common (RE)BCO bulk superconducting 
materials [45]. 

 

 A review of the developments in processing of (RE)BCO 

Superconducting (RE)BCO materials were first discovered in 1987 by Bednorz and Müller [74]. 

Initially these materials were fabricated in polycrystalline form, and these exhibited relatively poor 

superconducting properties due to their granular structure and small grain size [9, 10, 75-77]. The 

need to enhance the Jc value of these materials was not realised immediately. The Jc value is 

strongly microstructure dependent, not an intrinsic material property, and so while granularity was 

a problem there was no focus on improving the value of Jc. In addition, a number of features 

including the 2D structure and the short coherence length of the material caused major problems 

in the enhancement of the Jc value.  
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The development and optimisation of the growth process and the development of a basic 

understanding of the solidification and crystallisation mechanisms occurred in parallel when the 

need to fabricate large grains of (RE)BCO was understood. A good understanding of the 

solidification process and the optimisation of the growth process are both interdependent and 

important in achieving an effective growth process. There are a large number of considerations 

when studying the growth process. Some of these are similar to those of the solidification of metals, 

whereas others are similar to those of oxides. However, these considerations are further 

complicated by the fact that (RE)BCO is a multi-element system [8].  

 

This detailed study of the growth process has enabled the development of a number of models for 

the growth of (RE)BCO single grains, as described in detail in section 1.4. The information has 

enabled the development and optimisation of a number of melt growth techniques to enable the 

growth of large single grains.  

 

Practical applications of bulk superconductors require large single grains with high and uniform 

Jc values and these materials must be able to be fabricated reliably. A number of melt processing 

techniques have been developed and optimised to produce large single grains [2, 5, 8, 13, 76, 78, 

79]. The most popular and simplest melt processing techniques are top seeded melt growth and 

infiltration growth; as described in detail in section 1.2.  

 

The melt growth techniques have been optimised to enhance the Jc values of the resultant material 

by optimising the size and distribution of the intrinsic (RE)-211 inclusions. The heating profile 

can be optimised to achieve this, although this is rather limited by the growth process [76, 80]. 

Both the size and distribution of these (RE)-211 inclusions can be further optimised in samples 

grown by TSMG. An excess of (RE)-211 powder was added to the precursor powder, and this 

increased the amount of (RE)-211 inclusions present within the microstructure of the as-processed 

single grain and hence the number of flux pinning inclusions [67]. The addition of a small quantity 

of elements or compounds such as Pt [81-83], BaSnO3 [84]or CeO2 [19, 83, 85] are able to alter 

both the size and shape of these inclusions. Another technique investigated to increase flux pinning 

was irradiation, whereby the internal structure is damaged slightly due to the irradiation and this 

damage formed pinning centres [86]. The addition of Pt or CeO2 is widely used to control the size 
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of the (RE)-211 inclusions and increase the value of Jc as it is effective and it does not significantly 

increase the complexity of the growth process.  

 

The reliability of the growth process is important in addition to the need to produce single grains 

with a high Jc value. The growth of a single large grain is difficult as there are a number of 

competing factors. The seeding process is vital to the success of the growth of a single grain. 

Initially a hot-seeding process was used, which involved heating the sample to enable 

decomposition, and then cooling to just above the peritectic temperature and applying a seed while 

the sample was in a molten state [87]. This was complex, and often failed, but enabled self-seeding 

(eg. using an NdBCO seed to seed an NdBCO sample [88]). The use of a self-seed prevented 

complications due to lattice mis-match. A simpler method for seeding is the cold-seeding method. 

This requires a less complex furnace arrangement, however, due to the high temperatures involved 

in the heating process, this seed required a significantly higher melting temperature than the 

precursor powder, and so prevented the use of self-seeding [87]. In addition there are further 

complexities since the seeds did not have the same lattice structure because they required a 

significantly higher melting temperature. Additionally, the long period of heating enabled the 

diffusion of pollutants between the seed and precursor powder which, in turn, lowered the melting 

temperature of the seed. The reduction in the melting temperature of the seed was significant in 

the case of silver diffusion from the precursor powder and often resulted in the melting and failure 

of the seed. However, two approaches have been developed to enable cold seeding. Materials were 

developed with high melting temperatures that had similar lattice structures relative to the known 

(RE)BCO compounds of the samples to be grown.  The latest development was that of a generic, 

multi-purpose seed with a very high melting temperature in relation to the known (RE)BCO 

compounds [87]. In addition, the use of a buffer pellet has been developed and employed 

successfully. The buffer pellet effectively insulates the seed from pollutants within the precursor 

powder whilst also reducing complications due to the lattice mis-match between the seed and 

sample [89-94]. The use of buffer pellets is described in more detail in Chapter 2. Both of these 

techniques enable more reliable growth and the use of a simpler seeding technique in the TSMG 

process. 
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A significant amount of research has been carried out to glean a greater understanding of the 

growth process and to enable optimisation of the growth of large single grains of (RE)BCO. At 

this time the growth process has been well optimised. It generally results in the reliable growth of 

large single grains of (RE)BCO with high Jc values and a reasonably uniform distribution of Jc 

values. One of the current limitations on the use of (RE)BCO materials in practical applications is 

their mechanical properties. On magnetisation, samples experience large Lorentz forces, which, if 

sufficiently large, cause fatal cracking. This limits the maximum magnetisation, and hence the 

mechanical properties limit the achievable superconducting properties [17]. A limited amount of 

research has investigated improving the mechanical properties of (RE)BCO and, as a result, silver 

is now commonly introduced to the bulk microstructure of GdBCO and SmBCO to enable 

significant improvement in the mechanical properties of these single grains [40, 41]. However, 

only a limited amount of research into improving the mechanical properties of YBCO bulk 

superconductors has been undertaken due to the high complexity of the growth of YBCO when 

mixed with other elements. 

 

 An outline of the work 

The overall aim of this work was to improve the mechanical properties of YBCO bulk 

superconductors without causing a significant detrimental effect on the superconducting properties 

of the material. It is widely acknowledged that large single grains of GdBCO and SmBCO 

fabricated with silver can be successfully batch processed to produce large single grains with 

superior mechanical properties to GdBCO or SmBCO grown by standard TSMG. However, the 

successful, reliable growth of large single grains of YBCO-Ag by TSMG is significantly more 

difficult and had not been documented. YBCO has a significantly lower peritectic temperature 

than that of GdBCO or SmBCO, which is then reduced further by addition of silver to the melt, 

which makes the growth of single grains of YBCO-Ag more complex. This work approached the 

successful and reliable single grain growth of YBCO-Ag in a number of incremental stages.  

 

The first stage investigated the use of additional liquid-phase in a novel recycling process for the 

multi-grain samples of YBCO, GdBCO-Ag and SmBCO-Ag. It is understood that one of the 

reasons the recycling process was very reliable in successfully producing large single grains is due 

to the addition of liquid-phase, which promotes re-growth from the failed samples and prevents 
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sub-grains forming from the bottom of the sample. In addition, the superconducting properties of 

the recycled single grains were good. The properties of these recycled grains were investigated in 

detail to gain understanding as to why the processing had a high success rate in the hope this could 

be used to successfully and reliably grow single grains of YBCO-Ag.  

 

In a second stage, the provision of additional liquid-phase was trialled in the primary growth of 

YBCO by TSMG in order to investigate its effect on the primary growth process. This resulted in 

a higher reliability of the growth of large single grains. In addition, these single-grains had 

superconducting properties of magnitude comparable to, or higher than, those of YBCO grown by 

standard TSMG. They also retained the improvement in the uniformity of the superconducting 

properties observed in the recycled samples.  

 

The increase in reliability, and in the tolerance to silver-rich agglomerates attributed to the 

provision of additional liquid-phase in the TSMG process, suggested this technique may enable 

the successful growth of single grains of YBCO-Ag. Initially the growth rate of YBCO-Ag was 

investigated for the first time. A suitable heating profile is essential for TSMG and this provided 

data to enable the derivation of a suitable heating profile. This also generated the first published 

data on the growth rate of the YBCO-Ag system. Large single grains of YBCO-Ag were then 

successfully and reliably grown using heating profiles derived from the growth rate models.  

 

The adaptation of the TSMG growth process and the growth rate data enabled the reliable growth 

of YBCO-Ag to be achieved. The development of a reliable growth process for YBCO-Ag enabled 

a large number of large single grains to be grown, and the superconducting properties to be 

measured. In addition, this development enabled the mechanical properties of YBCO-Ag to be 

analysed in detail for the first time.  

 

 

 

 

 

 



 28 

 Experimental methods 

In this work a number of single grains of (RE)BCO and (RE)BCO-Ag were grown by variations 

of the TSMG technique. The superconducting properties of these single grains were measured 

and their microstructure and compositions were studied. In addition, the mechanical properties of 

YBCO-Ag were studied using a three-point bend test.  

 

 Top seeded melt growth 

The assembly for fabrication by TSMG consists of a precursor powder pellet supported by ZrO2 

rods. These rods are stabilised for use with (RE)BCO to reduce the likelihood of any points of 

physical contact acting as nucleation points. Materials such as single grain MgO are more suitable 

for providing a stabilisation layer as they are more stable and so are less likely to act as nucleation 

points. However, this material is very expensive so is not widely used. Seeding of the melt growth 

process is provided by a small single grain seed. The seed must have a lattice structure similar to 

that of the (RE)BCO single grain lattice and a higher melting temperature than the precursor 

powder [87]. The type of seed used with each of the systems in this work are given in Table 2.1.  

A buffer pellet is often placed between the seed and the precursor powder pellet to reduce the 

diffusion of contaminants between the seed and precursor pellet. The buffer pellet improves the 

likelihood of successful single grain growth and improves the properties of the grain in the region 

directly below the seed [89-94]. 

 

In this work the buffer pellet is pressed uniaxially from 0.15 g of precursor powder to a diameter 

of 5 mm. The buffer pellet improves the reliability of seeding and successful single grain growth 

[89-94]. The buffer pellet is able to provide a barrier to diffusion of impurities between the seed 

and the melt [91]. Any impurities are captured within the buffer pellet rather than moving into 

either the seed or the main precursor powder pellet. The buffer pellet is also able to reduce the 

lattice mismatch between the seed crystal lattice structure and the growing (RE)BCO single grain, 

thus increasing the likelihood of successful single grain growth [91, 92]. The composition of the 

buffer pellet is the same as that of the standard precursor powder for an additive-free sample, ie. 

(RE)-123 and (RE)-211 powders in the same ratio as the precursor powder but without Ag or Pt. 
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System Seed material 

YBCO NdBCO 

YBCO-Ag Thin film seed 

GdBCO-Ag NdBCO-MgO generic seed [87] 

SmBCO-Ag NdBCO-MgO generic seed [87] 

Table 2.1: The seed material used for each system. 

 

Precursor powder was mixed from the constituent powders for 2 h using a mechanical pestle and 

mortar. This ensured the powder was thoroughly mixed and ground to the appropriate size. The 

standard precursor powder composition for each system is summarised in Table 2.2. The precursor 

powder was prepared from 99.9 % purity powders, high purity is essential in order to reduce the 

likelihood of impurities reducing the likelihood of successful single grain growth.  

 

System Precursor powder composition 

YBCO  

(Chapter 3 only) 
70 g YBa2Cu3O7 + 30 g Y2BaCuO5 + 0.5 g CeO2 

YBCO 75 g YBa2Cu3O7 + 25 g Y2BaCuO5 + 0.5 g CeO2 

YBCO-Ag 75 g YBa2Cu3O7 + 25 g Y2BaCuO5 + 0.5 g CeO2 + 10 g Ag2O 

GdBCO-Ag 75 g GdBa2Cu3O7 + 25 g Gd2BaCuO5 + 1 g Pt + 1 g BaO2 + 15 g Ag2O 

SmBCO-Ag 
75 g SmBa2Cu3O7 + 25 g Sm2BaCuO5 + 1 g CeO2 + 2 g BaO2 + 10 g 

Ag2O 

Table 2.2: The composition of the precursor powder used for each system. 

 

The liquid-phase-rich powder, which provides additional liquid during the growth process, was 

prepared by mixing the constituent powders for 3 h in a Turbulator. The preferred liquid-phase-

rich powder has the composition Yb2O3 : Ba3Cu5O8 : BaO2 in a molar ratio of 5.0 : 5.6 : 1.0 and 

was subsequently calcined once at 850 °C for 5 h.  

 

Sintering of the liquid-phase-rich powder changes the composition. It is often important to know 

which phases are likely to be responsible for the behaviour of a powder during the TSMG process 
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so X-ray powder diffraction (XRD) was used to determine the composition of a number of 

powders.  

 

XRD is a technique used to identify the phases present within a crystalline material, usually in 

powder form. XRD analysis uses an instrument consisting of an X-ray tube, a sample holder and 

an X-ray detector. A small quantity of powder is loaded into a holder and the sample and detector 

are rotated through a given range of angles. The intensity of the reflected X-rays are recorded at 

angular intervals. The technique is based upon the Bragg equation, below, which relates the 

wavelength of electromagnetic radiation to the diffraction angle and the lattice spacing within the 

sample:  

 

𝑛𝜆 = 2𝑑 sin 𝜃 (2.1) 

 

where n is an integer, λ is the wavelength of the X-ray, d is the spacing between atom layers and 

𝜃 is the angle of incidence of the X-ray. 

 

A crystalline sample acts as a three-dimensional diffraction grating. When the spacing of planes 

within the lattice becomes similar to the wavelength of the X-rays constructive interference occurs, 

thus producing a high intensity of reflected X-rays. The recorded reflected X-ray intensity at each 

angle can be converted into the d-spacing of the crystal lattice. The d-spacing is unique for every 

crystalline material and for every phase of the material. This technique enables the material and 

phases present in a powder sample to be identified using reference data for d-spacing of crystalline 

materials. 

 

The current and voltage settings used were 20 mA and 35 kV, respectively. Measurements were 

taken within the range of 20° to 80° rotation. The analysis of powders of known composition 

provided reference spectra to enable the relevant peaks in the powders studied to be identified. 

 

In addition to determining the powder’s composition, for the TSMG process it is critical to know 

the peritectic temperature of the powder. Differential thermal analysis (DTA) is a technique used 

to determine phase transformations within a sample, including glass transitions, crystallisation, 
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melting and sublimation. DTA analysis uses a sample holder, thermocouples, a furnace, 

temperature programmer, inert sample material such as Al2O3 and a recording system. Two 

thermocouples are connected via a voltmeter; one thermocouple is placed in a sample of the 

material of interest whilst the other is placed in the inert reference material. During heating the 

sample of interest may undergo phase changes. When a phase transition occurs, the temperature 

of the inert material will increase while the temperature of the material undergoing the phase 

change will not rise as heat will be incorporated as latent heat. The thermocouples are connected 

through a voltmeter and so this will produce a sharp deflection in the voltmeter reading. Therefore, 

a phase change can be identified by a sudden sharp peak on the graph and the corresponding 

temperature of this phase change can be determined. In the TSMG fabrication process knowledge 

of the peritectic temperature of the precursor powder used, as well as the phase transition 

temperatures of powders used, alongside the liquid-rich source, are fundamental to developing an 

effective process. 

 

DTA was undertaken on a range of precursor and liquid-phase-rich powders. DTA was carried out 

without additional gas flow. This data was used to identify the peritectic temperature of each of 

the powders studied.  

 

Once the composition and peritectic temperature of these powders was known, samples were 

pressed and assembled. The assembly used for conventional TSMG is shown schematically in Fig. 

2.1 a. The assembly used for recycling used a failed sample, this has had the top and bottom surface 

ground flat and parallel to expose clean, new surfaces, in the place of the precursor powder and 

used an additional pressed pellet of liquid-phase-rich powder above a layer of Yb2O3 powder, as 

shown in Fig. 2.1 b. The assembly used for growth of LR YBCO and YBCO-Ag has a layer of the 

additional liquid-phase-rich powder layer pressed into the same pellet as the precursor powder 

pellet, as shown in Figs. 2.1 c and 2.1 d, respectively.  
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Figure 2.1: The assembly used for: a) conventional TSMG, and b) the recycling process, c) LR YBCO, d) 
YBCO-Ag. 

 

The sample and seed assembly were heated and held above the peritectic decomposition 

temperature (Tp) of the target (RE)-123 phase in a box furnace under atmospheric pressure and gas 

composition. The powder decomposed into a secondary (RE)-211 solid phase and a residual Ba-

Cu-O liquid-phase, a minimum of approximately 50 % of the sample mass is always solid, hence 

a mould is not required during melting. The melt is first cooled to Tg1 to provide rapid undercooling 

and to generate a supersaturated molten state with respect to the equilibrium state. Rapid 

undercooling reduces the likelihood of the growth of (RE)-211 precipitates, which originate from 

the additional (RE)-211 in the precursor powder. Therefore, this encourages a dispersion of fine 

(RE)-211 particles in the fully processed bulk superconductor. The undercooling, ∆T= Tp-T, is 

further limited to enable solidification under controlled thermal conditions. The controlled 

undercooling ensures that the seed acts as a single nucleation point during the melt process. 

Controlled undercooling takes place until the entire sample is solidified at Tg2, from there it is 

rapidly cooled to room temperature. This provides a single grain (RE)-123 matrix with the desired 

crystallographic orientation containing a distribution of discrete (RE)-211 phase inclusions [5, 95]. 

The temperature profile required during solidification to produce a single grain is specific to a 
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particular system and a given size of sample, a schematic illustration is shown in Fig. 2.2. A single 

grain is shown in Fig. 2.3. 

 

During the growth process the buffer pellet melts in the same way as the main precursor powder 

pellet. The single grain grows from the seed outwards and downwards through the buffer pellet 

and then the single grain continues to grow through the larger pressed pellet. The resulting single 

grain and the buffer pellet have the same crystallographic orientation.   

 

 
Figure 2.2: A schematic illustration of a typical heating profile used in TSMG. 

 
 

 
Figure 2.3: A single grain of (RE)BCO. 

 

The melt growth process described above produces large, single grain samples of a RE-123 matrix 

with embedded RE-211 inclusions. Directly after melt processing, the RE-123 matrix is in the non-

T > Tp

Tg1
Tg2

Temperature

Time
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superconducting tetragonal phase, which must undergo a transformation to the orthorhombic phase 

to become superconducting. The oxygenation process involves heating the single grain in an 

oxygen-rich environment. Oxygen is able to diffuse into the sample and this is significantly 

enhanced by the presence of micro-cracks parallel to the a/b-plane and the c-plane [96]. The phase 

transition occurs when the oxygen content in (RE)Ba2Cu3O7-δ (RE-123) exceeds approximately 

6.5 (when 7-δ>6.5) [59]. 

 

All samples successfully grown as single grains were oxygenated in an oxygen-rich environment 

in a tube furnace. The oxygenation heating profiles for each system are given in Table 2.3.  

 

System Heating 

YBCO 450 °C for 10 days 

YBCO-Ag 450 °C for 10 days 

GdBCO-Ag 400 °C for 10 days 

SmBCO-Ag 360 °C for 10 days 

Table 2.3: The heating profiles used for the oxygenation process. 

 

The actual temperature recorded within a box furnace may be offset from the temperature values 

input into the controller. In order for work on the growth process and derivation of optimised 

heating profiles to be useful in academia and industry, the actual temperatures experienced by a 

sample in the furnace must be known. A standard heating profile for 25 mm diameter YBCO 

samples was input into the controller of the furnace. A thermocouple placed close to the sample 

was used to record the heating profile experienced within the processing zone. This was repeated 

for two full heating profiles and the data were used to estimate the temperature offset of the 

furnace. 

 

The thermocouple recorded the air temperature close to the surface of the assembly. This method 

of temperature measurement does not provide data on the temperature distribution within the 

sample itself. The ability to record the temperature distribution and release of latent heat in the 

assembly itself would provide a greater insight as to how the size of the samples will change the 

heating profile required for successful growth of a single grain.  
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The plots of the heating profile input to the controller and the measured furnace temperature profile 

are shown in Fig. 2.4 for two separate cycles. The furnace offset at the maximum temperature 

within the heating profile was approximately 17 °C higher than the temperature input. Therefore, 

the temperature input to the controller should be 17 °C lower than the actual temperature required 

in the furnace. 

 

 
Figure 2.4: Heating profiles of a) JY-01 input to the furnace, b) JY-01 measured at the centre of the 

furnace, c) JY-02 input to the furnace and d) JY-02 measured at the centre of the furnace. 

 

 Trapped field measurement 

In order to measure the trapped field, any excess, unreacted liquid-phase-rich powder or Yb2O3 

stabilising layer was cut from the base of each sample. The seed and buffer pellet was cut from the 

top of the sample, then the top and base of each sample was polished flat and parallel.  

 

Each sample was field cooled. A magnetic field of 1.4 T was applied using a DC electromagnet 

and then liquid nitrogen was used to cool the sample to 77 K. Once the sample had been cooled, 

the field was removed and the maximum trapped field at the top and base of the sample was 

recorded using a Hall sensor at a distance of 0.5 mm from the surface.  
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The trapped field profile at the top and base of each sample was measured using a rotating array 

of 20 Hall probes. The temperature of the sample was maintained at 77 K for the duration of the 

measurements. The height of the array of Hall probes is adjusted on a per-sample basis after 

loading, so the entire array of probes are located at a distance of 1.0 ± 0.5 mm from the surface. It 

is important to ensure the Hall probes on the array are not in direct contact with the surface as they 

are required to rotate, so the values recorded using the Hall probe array were used to study the 

lines of contour of the trapped field rather than the absolute values. The maximum value recorded 

using the Hall probe array is typically between 0.1 T to 0.3 T lower than the maximum value 

recorded using the single hand-held Hall probe due to the increase in distance between the sample 

and the probe surface.  

 

 Superconducting quantum interference device measurements 

The measurement of magnetic moment using a superconducting quantum interference device 

(SQUID) magnetometer is carried out indirectly from measurements of current and voltage. The 

sample is moved through superconducting detection coils which are at the centre of the magnet 

but outside the sample chamber. As the sample is moved through the coils, the magnetic moment 

produced by the sample induces an electric current in the detection coils. These detection coils, 

along with the connecting coils and SQUID input coil, form a closed superconducting loop. A 

change of flux in the detection coils produces a change in the persistence current in the detection 

coils. The change in persistence current in the detection coils is proportional to the change in the 

magnetic flux. The variation in this current produces a variation in the SQUID output voltage, 

which is proportional to the magnetic moment of the sample. 

 

Small cuboids cut from bulk samples can be analysed using a SQUID magnetometer to measure 

the Tc and to define the value of Jc of each small specimen. Samples are zero field cooled to 77 K 

in the SQUID before a magnetic field is applied in a direction parallel to the c-axis of the sample. 

A temperature sweep at a constant field of 1.6 kAm-1 (i.e. much lower than HC1) is applied to 

determine the transition temperature of the specimen. This is followed by a field sweep at a 

constant temperature of 77 K (below the Tc value of the sample) to produce an M-H hysteresis loop 

to enable estimation of the value of Jc for each sub-specimen. In both cases the magnetic moment 
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is measured. The range of temperature and field used for the sweeps are generally well-established 

from previous research. 

 

The extended Bean model has been used to estimate the Jc value for each small sample measured. 

The extended Bean model is given by: 

 

𝐽c =  
20 × 10−5∆𝑚

𝑎 (1 −
𝑎

3𝑏
) 𝑎𝑏𝑐

 (2.3) 

 

in Am-2 and where ∆m is the difference in magnetic moment derived from the M-H hysteresis loop 

measured in emu, a is the shortest side length in the a/b-plane, b is the longest side length in the 

a/b-plane and c is the dimension in the c-direction all measured in cm [97]. An example of a plot 

of Jc-field is shown in Fig. 2.5, all other plots of this type are given in the appendix. 

 

 
Figure 2.5: Plots of the variation in Jc value with field at a constant temperature of 77 K for sub-specimens 

from within one sample. 

 

The value of Tc can be determined as the temperature at which the resistance decreases to zero on 

a plot of temperature against magnetic moment. In this work the Tc value has been determined 

using the data from the temperature sweep as the lowest temperature at which the magnetic 

moment becomes zero. A further characterisation of the quality of the superconductor can be 
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calculated from this graph, the so-called ∆T90 value. ∆T90 is the temperature range over which the 

magnetic moment reduces to 90 % of its original value. In this work 100 % of the magnetic moment 

was determined as the maximum magnitude magnetic moment in the temperature sweep data. 

Superconductors of high quality have a small value of ∆T90 which signals a narrow temperature 

range over which the transition to the superconducting state occurs. In plots of the magnetic 

moment evolution during a temperature sweep, the magnetic moment is normalised by dividing 

the dataset for the sub-specimen by the maximum magnetic moment the sub-specimen 

experiences. An example plot of magnetic moment evolution during a temperature sweep for a 

number of sub-specimens from one sample is shown in Fig. 2.6, all other plots are shown in the 

appendix. 

 

 
Figure 2.6: Plots of the variation in normalised magnetic moment with temperature for sub-specimens 

from within one sample. 

 

The samples tested using a SQUID magnetometer must be small. In this work each sample was 

cut in half to expose a rectangular cross-section. A slice approximately 1.2 mm thick was cut from 

one of the halves from the region directly below the seed. This was then further cut into cuboids 

with approximate dimensions 1.5 mm x 2.0 mm x 1.2 mm. The orientation of the dimensions are 

shown in Fig. 2.7. The sub-specimen is orientated with the c-axis mounted parallel to the magnetic 

field in all measurements.  
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Figure 2.7: Schematic showing the orientation of the approximate dimensions of the pieces cut for 

analysis in the SQUID, dimensions in mm. 

 

 Microscopy 

Each sample to be imaged was cut in half to expose a rectangular cross section. The cross-section 

of one of the cut halves was polished using progressively finer silicon carbide paper followed by 

a range of finer diamond paste. Each sample was studied under a Nikon Eclipse ME600 optical 

microscope (Nikon, Tokyo, Japan) with a Motic Multicam Pro 282A camera (Motic, Hong Kong, 

China) at a variety of magnifications including 50x, 100x, 200x, 500x and 1000x, in order to 

identify the microstructural features present. The Y-211 particles could be best seen at 

magnifications of 200x or above. At 1000x magnification it was difficult to obtain a clear image, 

so 500x magnification was chosen to systematically study the distribution of Y-211 inclusions.  

Only one half of the a/b-axis was imaged as it was assumed that, since the sample is symmetric 

and nucleated from the centre, the microstructure will be similarly symmetric. A schematic 

illustration of the axes is shown in Fig. 2.8. 

 

In addition to optical microscopy, scanning electron microscopy (SEM) can be used to produce a 

higher magnification image of a conducting sample. A voltage of chosen magnitude is applied to 

enable a focused beam of electrons to be accelerated towards the sample surface. Reflection of the 

beam of electrons from the sample surface and from layers a short distance below the surface 

produce back scattered electrons. Secondary electrons are produced by the ejection of electrons 

from bonds and bands within atoms at the surface of the sample. Images of the surface and the 

layer just beneath can be produced by collection of backscattered or secondary electrons produced 

by the incident beam.  
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Figure 2.8: Schematic of the axes imaged using the optical microscope. 

 

Samples imaged using SEM must be conducting to enable electrons from the incident beam to 

escape to earth to prevent a build-up of static charge on the sample’s surface. A build-up of static 

charge will cause the incoming beam of electrons to be deflected, thus causing distortion of the 

image produced. The sample must also be contained inside a vacuum chamber, since molecules 

within the air will cause deflection of the electron beam. (RE)BCO samples, as analysed in this 

investigation, do not conduct at room temperature and are therefore unable to provide a path for 

the electrons from the incident beam to be conducted away to earth. To reduce the likelihood of 

charge build-up on the surface of the YBCO samples, and thus to reduce the distortion produced, 

a single line of silver conducting paint was painted on three sides of each sample to allow the 

electrons to be conducted away to earth.  

 

Scanning electron microscopy was used on a number of occasions because it was able to provide 

greater magnification and greater resolution than the optical microscope. The samples were 

polished, then imaged using a Hitachi S-3400 SEM at 2000x magnification. An acceleration 

voltage of 25 kV was chosen along with backscattered electron mode because it produced a 

reasonable image of all three systems.  

 

 Energy dispersive X-ray spectroscopy  

Energy dispersive X-ray spectroscopy (EDX) can be used to analyse the composition of a sample. 

A beam of high energy charged particles, usually electrons or protons, are fired at the surface of 

the sample and the wavelength of the X-rays emitted is measured. The high energy beam interacts 

with a stationary atom at the surface of the sample. At rest each atom contains electrons in discrete 

energy levels bound to the nucleus. Upon incidence of the high energy beam, an electron in an 
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inner electron shell may become excited and be ejected from the shell creating an electron hole. 

This electron hole may be filled by an electron from a higher energy shell.  There will be an 

associated change in energy due to the movement of an electron from a higher energy shell to a 

lower energy shell and this difference in energy may be released in the form of an X-ray.  

 

Each element has a unique atomic structure and so produces a unique set of peaks on its X-ray 

emission spectrum. This allows the elements present to be identified from the energies of the 

emitted X-rays, provided the difference between the energies of the emitted X-rays are sufficiently 

large. The energy of the accelerated electrons can be varied by changing the acceleration voltage 

applied. The appropriate acceleration voltage is determined from experience or preliminary 

investigation. The quantity of each element present can be found from the number of X-rays of the 

characteristic energy produced in a given time frame. 

 

EDX analysis was used on the Hitachi S-3400 to measure the average composition of some small 

areas and over an area of approximately 40 µm x 40 µm at each location imaged using the SEM. 

This setup has a spatial resolution on the order of 1 to 5 μm, this is therefore suitable for 

measurement of the average composition of the large area, but is less suitable for analysing the 

smaller regions of (RE)-211 or (RE)-123 accurately. 

 

The composition data were normalised with respect to the atomic percentages of Y, Ba and Cu 

present at each location by dividing each of the individual atomic percentages of (RE) or Ba or Cu 

by the total sum of the atomic percentages of (RE), Ba and Cu over the total area of the individual 

image (or for the YBCO-Ag samples dividing by the total sum of the atomic percentages of (RE), 

Ba, Cu and Ag). The average expected amount of each element present, given the powder 

composition of the precursor powder pellet, was plotted and compared to the measured 

composition at each location. The normalised values of (RE), Ba and Cu were used in comparisons 

in order ensure the fluctuation in oxygen content throughout the sample did not limit the 

comparison of the distribution of the other elements present. In addition, the ratios of Y:Ba and 

Y:Cu correlate directly with the amount of Y-211 present in the sample microstructure. These 

ratios have been used to identify trends in the distribution of (RE)-211 inclusions throughout the 

samples. These data, when used alongside the trapped field data, Jc and Tc values and the optical 
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and SEM images, can provide explanations as to why each sample behaves as it does with respect 

to: the superconducting properties it exhibits, the differences between systems, and between 

primary and recycled growth samples, and the effect composition has on the microstructure, and 

vice versa. 

 

In addition to analysis of the average composition across a wide area, unknown phases present in 

the sample, along with Ce-rich phases, were analysed to determine the composition. These data 

will allow any anomalies to be identified, as many of the images contained a large area of an 

unknown phase which may, in some cases, alter the average composition by a significant amount. 

 

 Threshold analysis 

ImageJ software [98] was used to analyse a number of images of the sample microstructure to 

quantify the area fraction occupied by pores and, where relevant, silver agglomerates. In addition, 

the average size of the pores and silver agglomerates in each image was recorded.  

 

The colour threshold tool was adjusted to highlight the pores or silver agglomerates in an image. 

The brightness level of the pores and silver in comparison to each other and the Y-123 matrix were 

very different and, hence, allowed thresholding to easily highlight the particles. Then the analyse 

particle tool was used to collect data on the average size and area of the image occupied by these 

pores or agglomerates. A microscope image and the associated thresholded images are shown in 

Fig. 2.9. 

 

Although this technique has provided a good quantitative indication of the pores and Ag 

agglomerates present within the structure, some of the very small Ag particles and some of the 

small pores may not have been included in the thresholding.  
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Figure 2.9: Image of: a) The microstructure of a YBCO-Ag sample at 50x magnification, b) The 

thresholded image used to identify pores, c) the thresholded image used to identify Ag agglomerates. 
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 The provision of additional liquid-phase in the recycling of 

YBCO, GdBCO-Ag and SmBCO-Ag bulk superconductors  

 

The successful growth of single grain (RE)BCO bulk superconductors is very sensitive to changes 

in the growth variables. This makes the likelihood of failure of single grain growth relatively high, 

frequently resulting in the production of multi-grain samples. These multi-grain samples are 

usually discarded as a waste product since they contain high-angle grain boundaries and hence 

exhibit low Jc values, so are generally useless for practical applications. The rare-earth precursor 

powders used in the TSMG process are typically of high purity (99.9 %) and so are reasonably 

expensive. In addition, expensive alloying elements such as Pt or Ag are used to improve the 

properties of (RE)BCO single grains. Waste, in the form of samples that fail to grow as single 

grains, is both expensive and an inefficient use of material resources. As a result, recycling of these 

failed samples is highly desirable and increases both the economic viability and environmental 

sustainability of the production of (RE)BCO single grains. A successful recycling process will, in 

turn, significantly increase the viability of bulk superconductors for use in practical applications. 

 

A recycling technique has been developed by the Bulk Superconductivity Group at the University 

of Cambridge [99]. This technique is both inexpensive and easy to apply, and has been found to 

be reliable in the fabrication of complete single grains. The recycling process has drawn inspiration 

from the so-called IG process [100]. The initial stage of the recycling process involves IG where 

the failed sample replaces the pressed pellet of mixed (RE)BCO powder and an additional pellet 

containing liquid-phase (Ba-Cu-O) is placed beneath the failed sample. This additional liquid 

provides liquid-phase to replenish some of the liquid lost during the failed primary growth process.  

 

The recycling process is able to reliably produce single grain samples. However, the reasons for 

the success of this recycling technique were not clear. In order to explain the reasons for success, 

the recycling process has been repeated systematically for the YBCO, GdBCO-Ag and SmBCO-

Ag systems. The superconducting properties of the resulting samples have been measured to 

confirm they are comparable to primary grown samples from the same system. A detailed analysis 

of the microstructure has been undertaken along both the a/b and c-axis directions. The fluctuations 
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in composition along both these axes have also been compared with primary grown samples. 

Reasons for the success of the recycling process have been investigated in detail with a view to 

providing additional liquid to enable the reliable growth of primary grown grains of YBCO.  

 

 The growth process 

Two YBCO, three GdBCO-Ag and five SmBCO-Ag samples were grown by conventional TSMG. 

40 g of the precursor powder was pressed uniaxially in a 25 mm diameter cylindrical die.  

 

Fourteen YBCO, 19 GdBCO-Ag and 30 SmBCO-Ag samples were recycled as part of this 

investigation. Liquid-phase-rich powder was mixed from Yb2O3 : CuO : BaCuO2 in the molar ratio 

1 : 6 : 10 for 2 h in a Turbulator. This liquid-phase-rich powder was used as the liquid source for 

the IG process by Li et. al. [100] with the Y2O3 replaced by Yb2O3 which has a lower peritectic 

temperature.  A 30 mm diameter liquid-phase-rich powder pellet was pressed uniaxially to recycle 

a failed sample approximately 25 mm in diameter. For larger diameter samples, the diameter and 

mass of the additional pellet was scaled in proportion to the area of the base. For the 25 mm failed 

sample, this 30 mm diameter pellet contained 4 g of Yb2O3 powder below 11 g of the liquid-phase-

rich powder. 

 

The heating and oxygenation profiles used were the same for both the conventional TSMG process 

and the recycling, as shown in Fig. 3.1. This enabled primary grown and recycled samples to be 

processed at the same time, in the same furnace, for purposes of comparison. 

 

Of the recycled samples, 10 of the YBCO samples, 15 of the GdBCO-Ag samples and 22 of the 

SmBCO-Ag samples grew successfully into single grains. A selection of the samples are shown in 

Fig. 3.2. Single grains were distinguished by characteristic four fold facet lines which extend along 

the top face and down the sides towards the base. These facet lines, or so-called growth sector 

boundaries, form the boundary between the growth sectors in these quasi single crystals. Of the 

primary grown grains, neither of the two YBCO assemblies, two of the three GdBCO-Ag 

assemblies and four of the five SmBCO-Ag assemblies were successfully grown as single grains.  
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Figure 3.1: The heating profiles used for both conventional TSMG and recycling of a) YBCO, b) GdBCO-Ag 
and c) SmBCO-Ag, inset is the region highlighted in yellow. 
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To enable comparison, a primary grown YBCO sample was acquired from the group, this was 

processed in the same way as described in Chapter 2. The success of the recycling process was 

high, at an average 75 % for across all samples and 71 %, 79 % and 73 % for YBCO, GdBCO-Ag 

and SmBCO-Ag, respectively. In most cases the reason for failure of the recycling process was 

the seeding.  

 

Although this was investigated on a relatively small batch of samples, these data suggest the 

recycling process has a higher success rate of single grain production than the primary growth 

process. The recycling process is also simple, easy and low cost. 

 

 
Figure 3.2: Single grains of: a) primary grown YBCO, b) recycled YBCO, c) primary grown GdBCO-Ag, d) 

recycled GdBCO-Ag, e) primary grown SmBCO-Ag and f) recycled SmBCO-Ag. 

 

 Superconducting properties 

One recycled and one TSMG-grown sample was chosen at random from each of the three systems 

be studied, with the exception of the SmBCO-Ag system. Two recycled samples of SmBCO-Ag 

were analysed in detail. Two were studied because the SmBCO-Ag system generally shows more 

variation between samples and it was hypothesised that this may also be the case for the recycled 

samples in the SmBCO-Ag system. The samples were then oxygenated.  
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 Trapped field 

The maximum trapped field and trapped field profile of each of the 7 samples were measured. The 

trapped field profiles exhibited at the top and base of each of the samples are characteristic of 

single grain samples. They each have a single peak that decreased continuously with radial distance 

from the centre, as shown in Fig. 3.3. The maximum trapped field values are given in Table 3.1. 

The trapped field was not measured for the primary grown YBCO sample as data are widely 

available on the trapped field of YBCO grains grown by conventional TSMG. The trapped field 

was also not measured for a primary grown SmBCO-Ag single grain as the trapped field values 

vary widely between samples. Measurements within the Bulk Superconductivity Group at the 

University of Cambridge have varied between 0.35 to 0.81 T. It can be concluded that the recycled 

samples typically exhibit a maximum trapped field approximately 15 % lower than primary grown 

samples.  

 
Figure 3.3: Trapped field profiles measured at the top surface of single grains of; a) recycled YBCO, b) 

recycled GdBCO-Ag, c) primary grown GdBCO-Ag and d) recycled SmBCO-Ag. 
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Table 3.1: The maximum trapped fields recorded at the top and bottom surface of recycled and primary 
grown bulk single grains. 

 
 

 Transition temperature and critical current density 

Samples were cut and analysed as described in Chapter 2. Four sub-specimens from each sample 

were analysed to study the variation in the values of Jc and Tc throughout each sample, and to 

enable the variation in the primary grown and recycled samples from each system to be compared. 

The location of each piece is shown schematically in Fig. 3.4. The value of Tc for each sub-

specimen is given in Tables 3.2 to 3.4 alongside the value of ΔT90. 

 

All samples have a Tc value significantly higher than 77 K, so liquid nitrogen would be a suitable 

cryogen for low temperature characterisation. All values of Tc were within the range 90 K to 94 K 

and the variation for each of the sub-specimens from an individual bulk was less than 2 K. There 

was a large difference in Tc values between different systems; YBCO had the lowest average Tc 

values. The GdBCO-Ag and SmBCO-Ag systems had very similar Tc values with averages for 

each sample varying less than 1 K within each single grain.  

 

The recycled sample for each of the (RE)BCO systems had a slightly lower average Tc value than 

the primary grown sample. There was one exception for the SmBCO-Ag recycled samples; one 

had a Tc value 1 K higher than the primary grown sample. No relationship between ΔT90 and 

whether the grain was primary grown or recycled was observed.  

 
 
 
 
 
 
 
 

Sample Trapped field at top (T) Trapped field at base (T) 

YBCO recycled 0.61 0.36 

GdBCO-Ag primary 0.85 0.65 

GdBCO-Ag recycled 0.77 0.75 

SmBCO-Ag recycled 0.72 0.70 
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Sample Tc (K) ∆T90 (K) Jc (MA m-2) 

Primary 

1tb 92 2.2 370 

1td 90 0.9 404 

4ta 90 3.5 227 

4tc 90 0.5 681 

Average 91 1.8 420 

Recycled 

1ta 90 1.4 458 

1tc 91 0.7 508 

4ta 90 1.2 364 

4tc 90 1.0 280 

Average 90 1.1 403 

Table 3.2: Tc , ∆T90 and Jc values from YBCO and recycled YBCO samples. 
 
 

Sample Tc (K) ∆T90 (K) Jc (MA m-2) 
 

Primary 

1ta 93 0.6 392 

1tc 93 0.4 381 

4ta 93 0.5 430 

Average 93 0.5 401 

Recycled 

1ta   102 

1tc 93 1.3 221 

1tc repeat 93 0.5 211 

3tc 93 0.4 250 

4ta 93 0.9 369 

Average 93 0.8 231 

Table 3.3: Tc , ∆T90 and Jc values from GdBCO-Ag and recycled GdBCO-Ag samples. 
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Sample Tc (K) ∆T90 (K) Jc (MA m-2) 

Primary 

1ta 93 1.9 703 

1tc 93 1.3 572 

2ta 92 5.6  

2tc 93 1.7 563 

3ta 92 5.3 473 

3tc 93 2.1 647 

Average 93 3.0 592 

Recycled 1 

1ta 93 1.2 368 

1tc 94 1.0 391 

4ta 93 4.1  

4tb 94 2.4 397 

4tc 94 2.1 382 

Average 94 2.2 385 

Recycled 2 

1ta 92 8.6 200 

1tc 93 6.3 225 

4ta 92 5.2 294 

4tc 92 5.1 143 

Average 92 6.3 215 

Table 3.4: Tc , ∆T90 and Jc values from one SmBCO-Ag sample and two recycled SmBCO-Ag samples. 

 

 
Figure 3.4: A schematic illustration of the labelling of each piece cut from the centre of the bulk. 

 

The Jc(0) value can be used to provide a direct quantitative comparison of the Jc values. The value 

of Jc(0) for each sub-specimen is given in Tables 3.2 to 3.4.   



 52 

The average value of Jc across all sub-specimens in the YBCO samples is very similar for both the 

primary-grown and recycled samples (420 MA m-2 and 403 MA m-2, respectively). However, in 

the GdBCO-Ag and SmBCO-Ag systems the average value of Jc is significantly lower in the 

recycled sample than in the primary grown sample. The average value of Jc in the recycled sample 

is 42 % lower than the conventional TSMG grown sample in the GdBCO-Ag system and differs 

by 65 % between the primary grown and recycled sample with the lowest Jc value in the SmBCO-

Ag system. The average Jc(0) value varies significantly between the bulk samples of SmBCO-Ag 

studied.  

 

The Jc(0) values were more consistent throughout an individual recycled bulk sample, except for 

the GdBCO-Ag system, although this may be because fewer sub-specimens were analysed. The 

variation in the values of Jc throughout the sample in the primary grown samples was generally 

much larger than the variation across the sub-specimens for the recycled samples in the YBCO 

and SmBCO-Ag systems. This suggests that the distribution of flux pinning centres in the recycled 

samples is more uniform.  

 

 Microstructure 

The rectangular cross section of one half of each of the seven samples was imaged using the optical 

microscope. Images were taken at intervals of 2 mm along the a/b-axis 1 mm vertically below the 

seed and along the central c-axis directly below the centre of the seed. In addition, these samples 

were imaged using the SEM along the same axes at intervals of 1 mm, as shown schematically in 

Chapter 2. This reduction in interval size was chosen because the images taken were at higher 

magnification and so this enabled a more detailed analysis of the variation in the microstructure 

throughout each sample.  

 

The SEM image in Fig. 3.5 is labelled with a number of different features including (RE)-211, a 

pore, a silver agglomerate and a crack within a (RE)-123 superconducting matrix. The SEM 

images shown in Figs. 3.6 and 3.8 reveal that the density of RE‐211 particles increases with 

distance from the seed in the horizontal direction, as predicted by particle pushing-trapping theory 

[54, 55]. The growth rate is low in the early stages of growth and so only large particles can be 

trapped, so the majority of the RE-211 particles are pushed. As the growth front advances, the 
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growth rate increases and so the reduction in critical radius means that smaller, and so more, RE-

211 particles are trapped. A similar increase in RE‐211 particle density is also observed in the 

vertical direction in all the primary grown (RE)BCO and (RE)BCO‐Ag single grain samples, as 

shown in Figs. 3.7 and 3.9. The other samples show this behaviour and the additional images are 

shown in Appendix 1. 

 

 
Figure 3.5: A labelled SEM image showing an (RE)-123 matrix including a number of labelled features.
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Figure 3.6: SEM images along the a/b-axis of a primary grown GdBCO-Ag sample approximately 1 mm below the seed at 2000x magnification, 

inset is a schematic of the axes along which the images were taken. 
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Figure 3.7: SEM images along the central c-axis of a primary grown GdBCO-Ag sample at 2000x magnification, inset is a schematic of the axes 
along which the images were taken. 
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Figure 3.8: SEM images along the a/b-axis of a recycled GdBCO-Ag sample approximately 1 mm below the seed at 2000x magnification, inset is a 

schematic of the axes along which the images were taken. 
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Figure 3.9: SEM images along the central c-axis of a recycled GdBCO-Ag sample at 2000x magnification, inset is a schematic of the axes along 

which the images were taken. 
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The magnitude of Jc is determined by the ability of the sample microstructure to pin magnetic flux 

(i.e. a fluxoid). A larger macroscopic Jc value produces a larger trapped field [66]. Both nano-sized 

defects and non-superconducting inclusions act as particularly effective pinning centres in bulk 

(RE)BCO superconductors. Un‐reacted, un‐dissolved small (RE)‐211 particles are typically 

trapped in the as‐grown (RE)‐123 single grain phase matrix during peritectic solidification, which 

creates (RE)‐211/(RE)‐123 interfaces that form effective flux pinning centres and so 

improves Jc of the single grains [67]. In particular, the value of Jc is reported to increase with 

the V211/d211 ratio, where V211 is the Y‐211 volume fraction and d211 is the average size of the Y‐

211 particles [72, 73]. The more uniform the distribution of (RE)‐211 particles, the more uniform 

the critical current, and the higher the density of small‐sized (RE)‐211, the larger the magnitude 

of the critical current. The ratio of V211 and d211 can be quantitatively analysed using threshold 

analysis software, as described in section 2.6.  

 

The density of RE‐211 particles has been observed to increase with distance from the seed in all 

the systems investigated in this study. However, the distribution of RE‐211 particles is more 

uniform for the recycled samples and the uniformity of the distribution increases from Y to Gd to 

Sm. This suggests that the provision of adequate liquid-phase during the grain solidification 

process, which is achieved during the recycling process, enables the peritectic reaction to continue 

to progress to the edge of the sample. This, in turn, enables growth of the single grain to continue 

to the edge of the sample to produce a more uniform sample, which is highly desirable for practical 

applications. 

 

The RE‐211 inclusions become both larger with increasing distance from the seed, and noticeably 

elongated during the recycling process, these inclusions are noticeably elongated in Figs. 3.8 and 

3.9. This is likely due to the samples having been held at high temperature for twice the time period 

of those grown by primary TSMG. These samples have experienced one heating and cooling cycle 

during the failed growth process and then an additional heating and cooling cycle in the recycling 

process. The increase in pinning due to the increase in pinning centre size will typically be less 

than if there were a larger number of smaller pinning centres (of equivalent volume). This is likely 

to be the reason why the recycled samples exhibit a lower maximum Jc value than the primary 

grown samples of the same system. 
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 Composition  

The average composition of the area of each image taken using SEM was analysed, along with the 

composition of a number of the individual phases present. The image in Fig. 3.10 shows the regions 

of Gd-211 and Gd-123 in which the composition was measured. In this example, the ratio of Gd: 

Ba: Cu in region 1 was 1.9: 1.0: 1.0, whilst in region 2 the ratio was 1.0: 2.0: 2.9. This is very close 

to the expected ratios of Gd-211 and Gd-123.  

 

The composition data for all three systems for the recycled and primary grown samples are shown 

in Fig. 3.11. Composition analysis, in conjunction with the SEM images, has been used to identify 

the phases present in the microstructure, which include cerium-rich, silver-rich, RE-123, and RE-

211 phases. Analysis of the average composition at each location has revealed that the average 

composition at most locations in the single grain samples fluctuates around the expected average 

composition calculated from the precursor powder compositions. Large fluctuations from the 

expected composition for a given image can be explained using the SEM images. In many cases 

the SEM images reveal the presence of large agglomerates, large pores, cracks, or regions of 

abnormal microstructure. 

 

 
Figure 3.10: Micrograph image showing regions 1 and 2 in which the composition was measured. 

 

Each position along either the a or c-axis direction within a single-grained sample fabricated by 

TSMG corresponds to an equivalent point in time during the solidification of the growth front. The 
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growth of (RE)BCO single grains can be interpreted by a “black box” approach given that changes 

in composition during the growth process itself are difficult to detect. For this reason, it is 

commonly assumed that the local composition on completion of solidification is the same as that 

during the growth process.  

 

The general trend in composition seen in Fig. 3.11 is that of a reduction in the normalized atomic 

percentage of Cu, indicating the shortage of liquid-phase (liquid-phase composition: Ba3Cu5O8) 

and an increase in the atomic percentage of (RE) element with increasing distance from the seed 

in both the horizontal and vertical direction. The level of barium, however, remains constant 

throughout the sample, suggesting that the atomic percentage of the (RE)-211 phase increases with 

distance from the seed, whereas the atomic percentage of the (RE)-123 phase decreases with 

distance from the seed. This can also be seen in the optical microscope and SEM images of the 

single grain samples. The ratios of RE/Cu and RE/Ba represent the trend in (RE)-211 concentration 

and are shown for each location in Fig. 3.12. The data shows that both ratios increase with distance 

from the seed and this increase is much larger in the horizontal direction than in the vertical 

direction for all systems. This suggests that there is a much greater change in the ratio of (RE)-123 

and (RE)-211 in the horizontal direction.  

 

The ratios of RE/Cu and RE/Ba in the recycled grains are more consistent between neighbouring 

locations than in the primary grown samples. The curves in the former are more parallel with each 

other. This suggests that the overall compositions of the (RE)-123 and (RE)-211 phases are more 

uniform throughout the recycled samples than in the primary-grown samples, causing the more 

uniform superconducting properties of the recycled material. The additional liquid-phase is 

thought to be responsible for the greater uniformity in the composition obtained in the recycled 

samples.  

 

The large Ag-rich, Ce-rich and combined Ce and Ag-rich clusters apparent in a number of the 

SEM images are thought to be a major reason for the failure of single grain growth. These clusters 

are often generated due to poor mixing of the precursor powders used in the primary growth 

process. The high success rate of the recycling process is likely to be because this process is 

tolerant to the presence of these Ag, Ce and Ag- and Ce-rich clusters. This is due to the provision 
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of adequate quantities of liquid-phase, which enables Y, Gd, or Sm to be more readily available at 

the growth front. This additional liquid-phase allows the grain to continue to grow as a single grain, 

even when there is a sudden significant change in the liquid-phase composition. 

 

 
Figure 3.11: Graphs showing the variation in atomic fraction of the elements Cu, Ba and RE. 
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Figure 3.12: Graphs showing the ratios of Y : Ba and Y : Cu with distance from the seed. 
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 Conclusions 

It has been demonstrated that failed YBCO, GdBCO-Ag and SmBCO-Ag melt processed samples 

can be recycled successfully and reliably by the controlled replenishment of liquid-phase lost 

during the primary growth process. SEM and EDX have been used to observe and analyse the 

composition of the growth front of primary and recycled single grains of all three systems post-

processing. The uniformity of both the (RE)-123 superconducting matrix and the distribution of 

the flux pinning, non-superconducting (RE)-211 inclusions are critical for the uniformity of the 

superconducting properties. Analysis using EDX has revealed relatively large fluctuations from 

the composition of the precursor powders. This has been explained by a variety of processing 

features, including the presence of Ce and Ag-rich agglomerates and pores and cracks at specific 

locations within the single grain samples. The compositional analysis suggests that the growth 

mechanisms are the same for both the primary grown and recycled grains in all three systems 

investigated. 

 

The additional liquid-phase provided in the recycling process dissolves the RE element (Y, Gd, 

Sm) to form the RE-123 phase at the growth front, which is fundamental to the growth of single 

grains. The provision of adequate liquid-phase yields sufficient RE element concentration at the 

growth front to enable single grain samples to grow easily, to provide a more uniform composition 

at the growth front and to support growth in the presence of agglomerates of Ag and Ce-rich 

phases.  

 

The additional liquid-phase provided in the recycling process has produced recycled samples with 

a more uniform composition than the primary grown samples. This increased uniformity has 

yielded recycled samples that have more uniform superconducting properties throughout the 

superconducting bulk microstructure. It may be possible to adapt the method used to recycle failed 

samples to improve the uniformity of the superconducting properties of primary grown samples 

and to increase the success rate of the primary single grain growth process. 

 

The recycling method provides adequate liquid-phase without leakage and therefore provides an 

adequate concentration of RE element at the growth front, which, in turn, enables the recycled 

samples to grow fully and easily. In addition, and significantly, the recycling technique is tolerant 
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to failed samples containing relatively large, localised agglomerations of Ce or Ag-rich phases. It 

has been found that the liquid-phase that carries the RE element is important to produce fully 

grown single grains. As some liquid-phase is always lost during the primary growth TSMG 

process, this suggests that any method that can reduce liquid loss or compensate for the liquid loss 

during primary grain growth would help the fabrication of good quality single grains. 
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 The provision of additional liquid-phase to enhance the growth 

of YBCO single grains by TSMG 

 

In the previous chapter the provision of additional liquid-phase was shown to be instrumental to 

the reliable growth of high-quality single grain samples. The additional liquid is typically provided 

by a liquid-source pellet, similar to that used in the IG process. The additional liquid supplied 

during recycling is able to replenish the liquid lost during the failed growth process. The additional 

liquid-phase infiltrates upwards into the failed grain on heating. This formed additional RE-123 at 

the growth front and so enabled a single grain to grow more easily. Significantly, the recycling 

process was observed to be more reliable in the successful fabrication of single grain samples than 

the primary TSMG process. 

 

In addition to the increase in reliability of single grain growth, the recycling process produced 

single grains with a more uniform and homogeneous distribution of RE-211 particles throughout 

the sample microstructure. This is considered to be directly due to the provision of additional 

liquid-phase. The increase in uniformity of the RE-211 inclusions produced an increase in the 

uniformity of the superconducting properties throughout the sample. However, the magnitude of 

the critical current density was, on-average, only 4 % lower in recycled YBCO samples than in 

YBCO samples grown by conventional TSMG. The reduction is due to the size of the non-

superconducting RE-211 inclusions; they are elongated in the recycled samples. The RE-211 

inclusions grow in size during the heating process and, after the recycling process, the samples 

have been held at high temperature for twice the time period of those grown by primary TSMG; 

one cycle during the failed growth process and then an additional cycle in the recycling process.  

 

The recycling process can reliably produce large single grains with very uniform superconducting 

properties but these are of reduced magnitude. The major difference between the recycling process 

and conventional TSMG is the provision of additional liquid-phase. Therefore, it was hypothesised 

that the addition of liquid-phase to conventional TSMG would result in more reliable single grain 

growth. In addition, these single grains should have more uniform superconducting properties of 

a similar magnitude to those of single grains grown by conventional TSMG.  
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This chapter describes the preliminary work on the investigation of different liquid-phase source 

powders and small process adaptations to optimise the conventional TSMG processing technique. 

It then describes the preparation of samples using conventional and liquid-phase-enriched TSMG. 

The superconducting properties and microstructure of samples grown with and without additional 

liquid-phase are compared. The relationship between the superconducting properties, 

microstructure and composition is then explained. Conclusions have been drawn on the effect of 

the provision of additional liquid-phase to samples fabricated by TSMG.  

 

 Powder preparation and analysis 

A number of liquid-phase-rich powders were investigated in this study. Liquid-phase-rich powder 

1 (LR 1) had the molar ratio Yb2O3 : CuO : BaCuO2 of 1 : 6 : 10 as used in IG by Li et al [100], 

with the Y2O3 replaced by Yb2O3. Liquid-phase-rich powder 2 (LR 2) had the molar ratio Yb2O3 : 

Ba3Cu5O8 : BaO2 of 5.0 : 5.6 : 1.0. The powder was mixed for 2 h in a Turbulator with ZrO2 balls 

to ensure thorough mixing of the component powders. A further liquid-phase-rich powder 

composition was produced by sintering LR 2 for 5 h at 850 °C to form LR 3, ramping up and down 

at a rate of 100 °C/h. A fourth liquid-phase-rich powder was produced by sintering a second time 

(LR 4). The powder was heated in air in a box furnace and then ground by hand using a pestle and 

mortar.  

 

The four compositions of liquid-phase-rich powders and the YBCO precursor powder (produced 

as described in Chapter 2) were analysed using XRD, in order to determine the component phases 

present and to identify changes in composition which took place upon calcination of the liquid-

phase-rich powders. Alongside this, the as-supplied constituent powders of CuO, BaO2, BaCuO2, 

Yb2O3, Y2BaCuO5, YBa2Cu3O7, Y2O3 and Ba3Cu5Ox were analysed and this provided reference 

spectra to enable the relevant peaks in the liquid-phase-rich powders to be identified. The spectra 

for the precursor powder and a number of the liquid-phase-rich phase are shown in Fig. 4.1.  
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Figure 4.1: XRD spectra showing the component phases present in a) Precursor powder, b) LR2, c) LR 3, d) 
LR 4.  
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Fig. 4.1 shows that the precursor powder contains predominantly Y-123 and Y-211. The spectra 

of LR 2, LR 3 and LR 4 shows that the un-sintered liquid-phase-rich powder contains Yb2O3, 

Ba5Cu3Ox, BaCuO and BaO2. After sintering this liquid-phase-rich powder for 5 h at 850 °C all of 

the above phases remain but additional phases of Yb-123 and Yb-211 are formed, while, after 

further sintering for an extended period at 850 °C, only BaCuO2 and Ba3Cu5O8 remain. These XRD 

results show the sintering of the liquid-phase-rich powder alters the component phases present 

within the powder. 

 

In addition to XRD analysis, the powders LR 2 and LR 3 were analysed using DTA alongside as-

supplied Y-211 and lab-produced, impure Yb-123 powders. The results are shown in Fig. 4.2. This 

enabled the temperatures at which phase changes occurred in each of these powders to be 

identified. It should be noted that the Yb-123 powder had undergone a number of calcination stages 

and contained a small amount of contamination from Y powders, which the mixing bottle had 

originally contained, and thus is only a good approximation of the DTA profile for Yb-123.  

 

The plot for the un-sintered powder, LR 2, is very similar to that of Yb-123 powder with one 

additional peak at 850 °C corresponding to a peak at this temperature in the Y-211 plot. After a 

single calcination stage the profile produced is similar to that of the un-sintered liquid-phase-rich 

powder with some small differences; a more continuous region between 1000 and 1100 °C, a 

reduction in the peak amplitude at 840 °C and the loss of a peak at 790 °C. These differences 

correspond to a change in the phases present before and after calcination and so result in a change 

in the phase transitions the material will experience when it is heated or cooled in DTA. 

Comparison of the liquid-phase-rich DTA profiles with that of the as-supplied Y-211 powder show 

the melting temperature of the liquid-phase-rich powder is much lower than that of the Y-211 

powder. The temperatures at which phase changes within the powders take place are important 

parameters which set the temperature parameters used for the growth process, ensuring that the 

required phase changes take place and no unexpected phase changes take place during the growth 

process. The lower melting temperature of the liquid-phase-rich powders in comparison with the 

precursor powder will enable infiltration to occur before growth by TSMG. The liquid-phase-rich 

powder will melt first and the additional liquid-phase, BaCuO5, will be able to move into the 
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powder pellet before it has fully decomposed. In addition, as the liquid-phase-rich powder melts 

first, this will prevent the powder from acting as additional solid nucleation points. 

 

 

Figure 4.2: DTA plots showing the temperatures at which phase changes occur in a) LR 2, b) Sintered 
liquid-rich powder, LR 3, c) Y-211 powder and d) Yb-123 powder. 

 

 Incremental optimisation of sample growth 

A series of samples were grown with incremental changes to the processing conditions. This was 

carried out to systematically identify the impact of a number of parameters and variables involved 

in the growth process.  
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The first stage used a small sample grown by the conventional TSMG process with a buffer pellet. 

This sample was pressed uniaxially from 22 g of the precursor powder in a 25 mm diameter 

cylindrical die. A layer of Yb2O3 was mixed to a paste with ethanol and painted onto the base to 

reduce the likelihood of secondary grain formation at the base. The assembly was heated according 

to the heating profile shown in Fig. 4.3. This sample developed a secondary facet line and so, to 

reduce the likelihood of secondary facet line production, the rate of cooling was reduced for the 

second sample. The second sample successfully grew as a single grain. This sample will be the 

standard sample, representative of samples grown by the current buffer-aided TSMG method.  

 

The next samples were provided with additional liquid-phase-rich powder LR 2. A layer consisting 

of 3 g of liquid-phase-rich powder was pressed below the precursor powder and a layer of 1.5 g of 

Yb2O3 was used to replace the painted paste at the base. The Yb2O3 powder layer is thought to 

provide greater stabilisation during the growth process; the liquid-phase may be easily lost from 

the base of the sample during heating. This assembly was also heated according to the heating 

profile shown in Fig. 4.3. 

 

The growth with LR 2 successfully produced a single grain, so this was followed by investigation 

of the effect of sintering the precursor pellet. It has been shown that the temperature, at which pre-

sintering of Y-211 precursor pellets in the IG process takes place, significantly affects the final 

pore density and distribution within the bulk superconductor. Increasing the sintering temperature 

increases the density of the bulk material. Higher sintering temperatures produce a more 

homogeneous microstructure with regards to the pore distribution, and hence higher and more 

homogeneous Jc values [101].  

 

Precursor powder pellets of mass 22 g were pressed in a die of 25 mm diameter. The precursor 

powder pellet was sintered for 4 h in a box furnace under atmospheric pressure and atmospheric 

gas composition; the ramp rate was 100 °C/h. The precursor powder pellet alone was sintered at 

temperatures of 943 °C, 993 °C and 1043 °C. Whilst the precursor powder pellets were being 

sintered pellets of 25 mm diameter were uniaxially pressed in a die from a layer of 1.5 g of Yb2O3 

below 3 g of liquid-phase-rich powder. These samples were then assembled as described in 

Chapter 2. All three of these samples grew successfully, although the facet lines did not extend 
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fully to the base. Each sample was oxygenated and, on oxygenation, a large amount of material 

was lost from the base of one of these samples due to cracking, so an identical growth process was 

repeated.  

 

 
Figure 4.3: The heating profile used to grow single grains of 25 mm diameter of YBCO. 

 

The effect of the composition of the additional liquid-phase-rich powder was investigated for the 

samples successfully grown with LR2. It was observed that a number of grains exhibited double 

facet lines and, in some cases, there was tilting of the facet lines that resulted in tilting of the c-

axis, although it was unclear why this had happened. One possible reason was the buffer pellet 

may have impeded the grain nucleation and growth process. The precursor powder pellet used for 

the sample with the greatest tilting of the facet lines had been sintered at 993 °C and so in the next 

stage of the investigation this sample was grown under the same conditions without a buffer pellet. 

An additional sample grown by the conventional TSMG process was also grown without a buffer 

pellet for comparison with the standard sample. These were assembled as described in Chapter 2 

except the seed was placed directly onto the top surface of the precursor powder pellet. 

 

After single grain samples with reasonable trapped fields had been produced, larger samples were 

grown using the optimised processing conditions. The growth of larger single grain samples 

amplified the scale of problems observed in the smaller samples. This was particularly noticeable 

for cracking that occurred at the base of the sample and the excess liquid-phase-rich powder. The 

cracking was thought to be due to the stresses induced by the difference in shrinkage of the pressed 
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Yb2O3 powder stabilising layer and the precursor pellet during melt growth. The layer of pressed 

Yb2O3 powder was removed to reduce the magnitude of the cracking. Initially this powder was 

completely removed, which resulted in a secondary grain nucleation from a ZrO2 rod. In order to 

eliminate this secondary grain nucleation from a rod, a thin layer of Yb2O3 was painted on by 

mixing with ethanol, as carried out for the base of the precursor powder pellet in conventional 

buffer-aided TSMG. This reduced the thickness of the stabilising layer and so the stresses induced 

by differential shrinkage, and thus the likelihood and extent of cracking at the base. 

 

The optimisation stages and the resulting outcomes of these samples of 20 to 21 mm in diameter 

are given in Table 4.1 and images of each sample are shown in Fig. 4.4. The effect of each 

optimisation stage on the properties of the samples are discussed in the sections below. 
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Sample Growth conditions Observations post-growth 

JY-01 Standard buffer aided TSMG Double facet line 

JY-02 
Standard buffer aided TSMG, cooling rate 

reduced 
Small secondary grain 

JY-03 
Buffer aided TSMG with 3 g LR 2 powder, 

small die 

Lots of cracks and not fully 

grown to the base 

JY-04 Buffer aided TSMG with 3 g LR 2 Fully grown 

JY-05 
Buffer aided TSMG with 3 g LR 2, precursor 

sintered at 943 °C 
Fully grown 

JY-06 
Buffer aided TSMG with 3 g LR 2, precursor 

sintered at 993 °C 

Fully grown, but facet lines do 

not all extend to the base 

JY-07 
Buffer aided TSMG with 3 g LR 2, precursor 

sintered at 1043 °C 

Fully grown, less offset of facet 

lines 

JY-08 Buffer aided TSMG with 3 g LR 1 Fully grown 

JY-09 Buffer aided TSMG with 3 g LR 3 Double facet line 

JY-10 
TSMG with 3 g LR phase, no buffer, 

precursor sintered at 993 °C 
Fully grown 

JY-11 TSMG, no buffer and no LR phase Small secondary grain 

JY-12 
Buffer aided TSMG with 3 g LR 2, precursor 

sintered at 943 °C 
Double facet line 

JY-13 TSMG, no buffer, with 3 g LR 3 
Small secondary grain due to seed 

failure 

JY-14 
Buffer aided TSMG with 4.62 g of LR 3, 1 

inch diameter sample 
Fully grown 

JY-15 Buffer aided TSMG with 3 g LR 3, no Yb
2
O

3
 

Secondary grain nucleated from 

rod 

JY-16 
Buffer aided TSMG with 3 g LR 3, Yb

2
O

3 

mixed with ethanol painted on base 
Fully grown 

JY-17 

Buffer aided TSMG with 4.62 g LR 3, Yb
2
O

3 

mixed with ethanol painted on base, 1 inch 

sample 

Double facet line at top, small 

angle grain boundaries on top 

surface 

JY-18 

Buffer aided TSMG with 4.62 g LR 3, Yb
2
O

3 

mixed with ethanol painted on base, 1 inch 

sample, reduced cooling rate 

Secondary grain nucleated from 

rod, more straight and parallel 

lines on top surface (less 

misalignment of low angle grain 

boundaries) 

Table 4.1: A table summarising the growth conditions and the post-growth observations for each sample 
grown in the optimisation process. 
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Figure 4.4: Photographs of the samples with observations labelled by the yellow arrows: a) JY-01 with a 

double facet line, b) JY-02 with a small secondary grain, c) JY-03 with lots of cracking and not fully grown 
to the base, d) JY-04 base with post-oxygenation cracking, e) JY-05 base showing post oxygenation 

cracking, f) JY-06 base showing post oxygenation cracking, g) JY-07, h) JY-08, i) JY-09 with a double facet 
line, j) JY-10, k) JY-11 with a secondary grain, l) JY-12 with a double facet line, m) JY-13 with a secondary 
grain due to seed failure, n) JY-14, o) JY-15 with a secondary grain nucleated from the ZrO2 rod, p) JY-16 

with cracking, q) JY-17 with a double facet line. 

 

 Superconducting properties 

All samples were oxygenated and the trapped field of a large number of these samples was then 

measured. The Jc and Tc values of a number of sub-specimens cut from JY-02 and JY-09 were 

measured to enable the effect of additional liquid-phase-rich powder on the superconducting 

properties to be studied.   
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 Trapped field 

A typical trapped field profile of a single grain sample is shown in Fig. 4.5. Single grains typically 

exhibit a characteristic trapped field profile consisting of a single peak that decreases radially and 

continuously with distance from the seed. The maximum trapped field values measured at the top 

and base of each sample are given in Table 4.2 alongside their difference. Sample JY-03 was not 

measured as it was pressed in a smaller die and so will not produce results comparable to the other 

samples. JY-05 had a very large crack after oxygenation and could also not be used to form a fair 

comparison to the other samples.  

 

Due to the variability between samples, even those processed under the same conditions using the 

same powder, care must be taken when interpreting the results. Typical single grains of YBCO 

processed under the same conditions often exhibit differences in maximum trapped field of 0.05 

T. Therefore, it is important to note that some of the observed differences may just be due to sample 

to sample variation, to improve the evidence for the conclusions drawn from the data many more 

samples of each type should be produced, this was not carried out in this study due to time 

constraints; each sample takes at least a week to produce and each sample is produced individually. 

 

 

Figure 4.5: Characteristic trapped field profiles for the base of samples JY-02 and JY-09. 
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Sample 
Maximum trapped field (T) 

Top Bottom Difference 

JY-01 0.45 0.35 0.10 

JY-02 0.53 0.26 0.27 

JY-03 - - - 

JY-04 0.54 0.48 0.06 

JY-05 - - - 

JY-06 0.52 0.39 0.14 

JY-07 0.52 0.42 0.10 

JY-08 0.51 0.46 0.05 

JY-09 0.60 0.55 0.05 

JY-10 0.36 0.27 0.09 

JY-11 0.38 0.25 0.13 

JY-12 0.49 0.50 0.01 

JY-13 0.43 0.39 0.04 

JY-14 0.72 0.50 0.21 

JY-15 0.54 0.38 0.16 

JY-16 0.53 0.41 0.12 

JY-17 0.56 0.57 0.01 

JY-18 0.65 0.44 0.21 

Table 4.2: Maximum trapped field measurement at the surface, measured using a single Hall probe and 
corrected for use in liquid nitrogen. 

 

The trapped field profiles for JY-06 and JY-10, sintered samples grown with and without a buffer 

pellet, respectively, are shown in Fig. 4.6. These profiles show that the plot for the top surface of 

the single grain with a buffer exhibits more circular contour lines, and so a more uniform trapped 

field distribution.  The maximum trapped field values at both the top and base were higher for the 

sample grown with a buffer (0.52 T compared to 0.36 T and 0.39 T compared to 0.27 T 

respectively). The same behaviour was observed for samples JY-02 and JY-11, grown by the 

conventional TSMG process with and without a buffer pellet; and for samples JY-09 and JY-13, 

grown using additional liquid-phase-rich powder with and without a buffer pellet. These data 

suggest the use of a buffer pellet improves the magnitude and uniformity of the superconducting 

properties at the top of the sample. It also suggests that the use of a buffer may have a slight 
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positive, albeit limited, effect on the trapped field exhibited at the base, when the absolute 

magnitude of the trapped field in each set of samples is considered.  

 

 
Figure 4.6: Trapped field profiles for samples JY-06 and JY-10 grown with and without a buffer pellet. 

 
 

The trapped field profile for sample JY-02, fabricated without liquid-phase-rich powder, and JY-

04, provided with LR 2, are shown in Fig. 4.7. The maximum trapped field at the top of both 

samples is similar, 0.53 T in JY-02 and 0.54 T in JY-04. The trapped field profiles for both samples 

show a similar distribution of trapped field at the top surface. This suggests additional liquid-phase 

has no effect on the trapped field at the top of the sample. At the base of the sample provided with 

additional liquid-phase, the maximum trapped field was significantly higher than the value 

recorded for the standard sample, 0.48 T compared to 0.26 T. The trapped field profile at the base 

of the sample provided with additional liquid-phase was more uniform than that for the standard 

sample. This is shown by the more circular and evenly distributed lines within the trapped field 

profile. This suggests the provision of additional liquid-phase produces samples with a larger 

magnitude and more uniform trapped field at the base.   
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Figure 4.7: Trapped field profiles of samples grown with and without additional liquid phase. 

 
 

The trapped field profiles of JY-04, grown with LR 2, JY-08, grown with LR 1, and JY-09, grown 

with LR 3 are shown in Fig. 4.8. These plots show the addition of liquid-phase has no effect on 

the trapped field profile at the top surface of the samples. However, at the base of each of the 

samples the uniformity of the trapped field is much higher than for samples grown by standard 

TSMG. The provision of additional liquid-phase-rich powder of any of the types increases the 

maximum trapped field at the base and so reduces the difference in maximum trapped field 

between the top and base of the sample. The largest maximum trapped field at the base occurred 

for the sample provided with LR 3, at 0.55 T compared to 0.48 T in JY-04 and 0.46 T in JY-08. 

This suggested LR 3 was the optimum liquid-phase-rich powder composition to use to achieve the 

highest magnitude of trapped field at the base of the sample. However, it should be noted the 

trapped field values are quite similar, so this difference may be due to the random variation in the 

superconducting properties between samples of the same type. 
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Figure 4.8: Trapped field profiles of samples grown with different liquid-rich powders. 

 

The trapped field profiles for sample JY-04, where the precursor powder pellet has not been 

sintered, and samples JY-12, JY-06 and JY-07, where the precursor powder pellet has been 

sintered for 4 h at 943 °C, 993 °C and 1043 °C, respectively, are shown in Fig. 4.9. A plot of the 

maximum trapped field values at the top and base are shown in Fig. 4.10. The trapped field profiles 

have shown that sintering of the precursor powder pellet did not noticeably improve the uniformity 

of the trapped field profile. The plot in Fig. 4.10 shows that sintering of the precursor powder pellet 

has a limited effect on the magnitude of the trapped field. It was concluded that sintering of the 

precursor pellet was not necessary since the sintering of the precursor pellet does not have a 

significant positive effect on the trapped field, and adds extra complexity to the processing. 
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Figure 4.9: Trapped field profiles of samples with precursor pellets sintered at a number of temperatures. 
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Figure 4.10: A graph showing the difference in maximum trapped field due to the sintering temperature 

of the precursor powder pellet. 

 

 Transition temperature 

Samples were cut and analysed as described in Chapter 2. A number of sub-specimens from each 

sample were analysed to study the variation in the values of Tc along the c-axis. The location and 

labelling of each piece is shown schematically in Fig. 4.11.  

 

 
Figure 4.11: A schematic of the locations of the sub-specimens cut from each bulk. 

 

The value of Tc for each sub-specimen measured is given in Table 4.3. The value of Tc is very 

similar in all sub-specimens within each sample; in all cases it is between 90 K and 91 K. This 

consistency in the measured values of Tc is expected.  

 

An additional parameter, ∆T90, is used to characterise the quality of single grain YBCO. The ∆T90 

value has exhibited a larger variation between sub-specimens and between samples than the value 

1ta

1tb

1tc

1td

1te

Buffer & seed
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of Tc. It can be seen from the shallower gradient of the transition that the ∆T90 value increases with 

distance from the seed for both samples and then reduces at the base for JY-09. The corresponding 

1te sub specimen could not be analysed for JY-02 because this sub specimen was outside the single 

grain region. The distribution of ∆T90 suggests that the provision of additional liquid-phase has a 

significant impact upon improving the quality and uniformity of superconducting properties at the 

base of the sample in comparison to a sample grown by conventional TSMG.  

 

Sample Sub-specimen Tc (K) ∆T90 (K) Jc(0) (MA m-2) 

JY-02 1ta 90 1.8 32 
 

1tb 91 2.6 287 
 

1tc 91 2.9 610 
 

1td 91 4.3 190 

JY-09 1ta 91 1.5 369 
 

1tb 91 1.7 388 
 

1tc 91 2.2 446 
 

1td 91 3.4 217 
 

1te 91 2.0 161 

Table 4.3: A table showing the values of the superconducting properties for each sub-specimen derived 
from the SQUID data. 

 
 

 Critical current density  

The values of Jc were calculated as described in Chapter 2. The maximum Jc values for each sub-

specimen are given in Table 4.3. The maximum Jc value is higher for all corresponding sub-

specimens from sample JY-09 than from sample JY-02, except for the 1tc sub-specimen where the 

maximum Jc value is much higher for sample JY-02. A trend of increasing maximum Jc value with 

distance from the seed until midway along the c-axis of the specimen can be seen, after which 

point the maximum Jc value decreases with distance from the seed. As in the case of the Tc value 

measurement, the Jc value for sub-specimen 1te could not be measured for sample JY-02 because 

this region was not part of the single grain region.  
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 Density and Porosity 

The mass and dimensions of the samples after polishing were recorded. These values were used to 

calculate the approximate density of each of the samples using:  

 

𝜌 =
𝑚

π𝑅2ℎ
 (4.1) 

 

where m is the sample mass, R is the average radius and h is the average height. 

 

The samples were polished before measurements were taken to ensure the sample was a cylinder 

to enable simple calculation of the volume and to remove any excess liquid-phase which remained 

as this may have a very different microstructure and so would not allow the density to be accurately 

compared with samples grown by conventional TSMG.  

 

The density of each sample is shown in Fig. 4.12. It can be seen that the sample with the precursor 

powder pellet sintered at 993 K and provided with LR 2, sample JY-06,  had the highest density. 

This plot shows that for the growth conditions investigated, there is no correlation between the 

average density and the maximum trapped field observed.  

 

 
Figure 4.12: A plot to show the relationship between average density and trapped field. 
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The porosity of a number of the samples was analysed using a low magnification microscope to 

identify the effect of sintering and different compositions of liquid-phase-rich powders on the 

porosity of the final sample. The samples were prepared as described in Chapter 2. Four samples; 

JY-02 grown without additional liquid-phase, JY-04 grown with LR 2, JY-07 with a sintered 

precursor powder pellet and JY-09 with LR 3 were studied to observe the differences in porosity. 

Images of the four samples are shown in Fig. 4.13. These images show JY-02 had not fully grown 

to the base. There is no significant observable difference in the amount or distribution of pores 

between the samples. It is also apparent that there are less pores at the edges of all of the samples; 

this is because the gas is able to diffuse out easily at the edges but cannot diffuse fast enough from 

the centre to escape from the sample before solidification occurs.  

 

 
Figure 4.13: Low magnification images of samples a) JY-02 no sintering and no additional liquid-phase-

rich powder, b) JY-04 no sintering with LR 2, c) JY-07 sintered at 1043 °C with LR 2 and d) JY-09 no 
sintering with LR 3, all four samples are approximately 21 mm in diameter. 

 

 Microstructure 

The rectangular cross section of one half of each of JY-02 and JY-09 was imaged using the optical 

microscope. Images were taken at millimetre intervals along the a/b-axis at 1 mm from the top and 

along the central c-axis, sample JY-02 was imaged at 1.5 mm from the base, whereas sample JY-

09 was imaged at 1 mm from the base, to ensure images were taken within the single grain region. 
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Magnifications of 5x and 50x were used to observe the pore and crack distribution (shown in black 

in the optical microscope images) while a magnification of 1000x was used to observe the size of 

the Y-211 inclusions and their distribution (shown in grey in the optical microscope images). In 

addition, these two samples were imaged using the SEM at 1 mm intervals along the a/b-axis 

approximately 1 mm from the top and base and along the central c-axis. 

 

At the top of the sample the porosity reduces with distance from the seed in the horizontal direction. 

Each image reveals a similar pore size, pore distribution and area fraction of pores in both samples, 

these images are shown in the appendix. In both samples the area occupied by Y-211 particles 

increased with distance from the seed with some Y-211 deficient regions present in both samples, 

as explained, in part, by the push-trap theory. These results suggest that provision of additional 

liquid-phase has relatively little, if any, effect on the microstructure at the top of the sample. The 

relevant images are shown in the appendix. However, at the base of the sample, there are 

significant differences between the two samples; the most obvious being that the single grain 

region does not fully extend to the base for the sample grown without additional liquid-phase 

powder. When the single grain regions at the base were compared, as shown in Figs. 4.14 and 4.15, 

at 50x magnification it can be seen that the pore distribution is much more uniform in the sample 

provided with additional liquid-phase and that this sample also exhibits less cracking. The 1000x 

magnification images show that in both samples there is a trend of increasing area occupied by Y-

211 particles with horizontal distance from the seed. Sample JY-09, grown with the additional 

liquid-phase-rich powder, has a much more uniform distribution of Y-211 particles throughout the 

sample while sample JY-02, grown without additional liquid-phase-rich powder has large regions 

completely deficient in Y-211 particles. The Y-211 particles within sample JY-09 are larger, 

showing an elongated shape in comparison to the Y-211 particles seen in sample JY-02, as shown 

in Figs. 4.16 and 4.17. As sample JY-09 has a more uniform distribution of Y-211 particles and 

exhibits less porosity and cracking, then there will be more superconducting Y-123 phase present 

in this sample and this is more uniformly distributed. 
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Figure 4.14: Optical microscope images along the a/b-axis of sample JY-02 approximately 1.5 mm from the base at 50x magnification. 

 



 87 

 
Figure 4.15: Optical microscope images along the a/b-axis of sample JY-09 approximately 1 mm from the base at 50x magnification. 
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Figure 4.16: Optical microscope images along the a/b-axis of sample JY-02 approximately 1.5 mm from the base at 1000x magnification. 
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Figure 4.17: Optical microscope images along the a/b-axis of sample JY-09 approximately 1 mm from the base at 1000x magnification. 
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Figure 4.18: Optical microscope images along the c-axis of sample JY-02 and JY-09 from approximately 1 

mm directly below the seed at 50x magnification. 
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Figure 4.19: Optical microscope images along the c-axis of samples JY-02 and JY-09 from approximately 1 

mm directly below the seed at 1000x magnification. 

 

The images taken along the c-axis, shown in Fig. 4.18, indicate that sample JY-02 was not fully 

grown to the base, as seen in the image at 9 mm in the figure. Sample JY-09, on the other hand, 

was fully grown to the base. This suggests that provision of additional liquid-phase enables the 

growth of the single grain region to extend to the base of the sample. Sample JY-09 shows less 

cracking than sample JY-02. This is likely to be due to the ability of the additional liquid-phase to 

infiltrate into the sample filling pores and cracks, thus enabling more Y-123 phase to be present. 

The distribution of Y-211 particles is much more uniform in the c-axis direction for sample JY-09 
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than for sample JY-02, as shown in Fig. 4.19, suggesting that the additional liquid-phase also has 

an effect upon the distribution of the Y-211 particles. 

 

Comparison of the top and base of both samples shows there is greater porosity at the base of the 

sample with more small pores present. It can be seen that the microstructure of JY-09 is more 

similar at the top and base of the sample than JY-02, which shows that the provision of additional 

liquid-phase predominantly affects the base of the sample and that liquid is lost from the base 

during the TSMG process. In sample JY-02 there are more Y-211 deficient regions at the base than 

at the top of the sample. 

 

The trend in distribution of Y-211 observed in the SEM images was the same as those observed 

using the optical microscope, so these images have not been included here.  

 

 Composition 

EDX analysis was carried out at each of the locations imaged using the SEM. Composition analysis 

has shown that the average composition at each location fluctuates from the expected 

stoichiometric composition, although in the majority of samples, at the majority of the locations 

imaged, the composition tends to fluctuate around the expected stoichiometric composition. In all 

three directions imaged, both samples show decreasing normalised Cu at %, almost constant 

normalised Ba at % and increasing normalised Y at % with distance from the seed, as shown in 

Fig. 4.20. This shows that the amount of liquid-phase (Ba3Cu5O8) available at the growth front 

during processing reduces characteristically with distance from the seed. Sample JY-02 has 

slightly larger fluctuations between neighbouring locations and the composition is slightly further 

from the expected composition. However, these samples show limited differences in the 

normalised atomic fraction of the elements present at each location.  

 

The location of the edge of the single grain region can be identified using EDX analysis as the 

point where the normalised Cu and normalised Y begin to strongly converge. This is shown in Fig. 

4.20 at a location 11 mm along the horizontal direction at the top in sample JY-02. It should be 

noted, however, that the distribution of Y-211 was not observed to change suddenly in the 

microscope images as is suggested by this rapid convergence. 
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The ratios Y : Ba and Y : Cu from each image have been plotted in Fig. 4.21. The ratios Y : Ba 

and Y : Cu increase with distance from the seed in all three directions in both samples. Sample JY-

02 showed greater fluctuations from the overall trend than sample JY-09, except at the top in the 

horizontal direction where the ratios are similar and show a similar trend. This suggests that the 

provision of additional liquid-phase has no effect upon the top of the sample, whereas the provision 

of additional liquid-phase does have an effect upon the ratio of Y-211 particles to Y-123 matrix 

with increasing distance down the c-axis of the sample. The additional liquid-phase provided has 

likely enabled an increase in the uniformity of the distribution of Y-211 particles and Y-123 phase 

towards the base of the sample.  

 

 
Figure 4.20: Graphs showing the variation in normalised atomic fraction of the elements Cu, Ba and Y at 

1 mm intervals from the expected amount with distance from the seed along the three lines imaged 
using the SEM. JY-02 was grown by conventional TSMG, JY-09 was provided with additional liquid-phase-

rich powder. 
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Figure 4.21: Graphs showing the ratios Y : Ba and Y : Cu with distance from the seed at 1 mm intervals 
along the three directions imaged using the SEM, these ratios correlate with the ratios of Y-123 and Y-

211 present. 

 

 Comparison of superconducting properties, microstructure and 

composition 

Provision of additional liquid-phase to the precursor powder pellet during the TSMG growth 

process has enabled extension of the single grain region in the c-axis direction all the way to the 

base of the sample. This provision has increased the reliability of full through-thickness growth 

and has increased the size of the single grain region. This suggests that the provision of additional 

liquid-phase will enable the peritectic reaction to continue to the edge of the sample in both the c-

axis and a/b-axis directions. The liquid-phase carries the Y element and so additional liquid-phase 

enables a sufficient quantity of Y to be carried to the growth front of the sample. As the growth of 

a single grain is limited by diffusion of the Y element at the growth front, this additional Y 

concentration increases the uniformity of the composition at the growth front and provides more 

reliable growth, and an extended growth region. As the composition at the growth front has a much 
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greater uniformity, the regions to which the additional liquid is able to infiltrate to provide this 

effect, predominately the base of the sample, show a much greater uniformity in the Y-211 particle 

distribution, and thus a much more uniform distribution of Y-123 superconducting phase than for 

samples grown without additional liquid-phase.  

 

Samples produced by the conventional TSMG process show a decrease in the amount of liquid-

phase present with increasing distance from the seed, especially at the base and with greater 

distances along the c-axis of the sample. The large decrease towards the base of the sample is likely 

to be due to the loss of liquid-phase during the melt process. The increased uniformity in the liquid-

phase distribution and the higher levels of liquid-phase exhibited in the sample provided with 

additional liquid-phase is likely to be due to the ability of this additional liquid-phase to infiltrate 

upwards, given that the pellet is placed beneath the base of the pressed precursor powder. 

Comparison of the two samples has shown that the provision of additional liquid-phase has no 

effect upon the top of the surface. This suggests that either there is less liquid lost from the top of 

the sample during conventional TSMG than from the base or that there is less infiltration of 

additional liquid to the top of the sample during growth with liquid-phase-rich powder. Nucleation 

occurs during the growth process at the seed on the top surface of the bulk, so the first part of the 

sample to solidify is the top surface. As the top centre is the first region to solidify, initially there 

is sufficient liquid-phase, and hence sufficient Y, carried by the liquid when the top surface 

solidifies. A more uniform composition is observed at the top surface, but as solidification 

proceeds, the amount of liquid-phase, and thus the amount of Y, arriving at the growth front 

reduces with distance along the c-axis of the sample. In turn, this reduces the uniformity of both 

the composition and in the distribution of Y-211 inclusions within the Y-123 matrix.  

 

Alongside the increased uniformity in composition, the provision of additional liquid-phase 

provides liquid that is able to fill the pores and cracks. The microstructure at the base of the sample 

and in the lower region of the c-axis of the sample grown with additional liquid-phase exhibits a 

lower porosity and less cracking than that of a sample grown by conventional TSMG. This is likely 

to improve both the superconducting properties and the mechanical properties of the sample. The 

provision of additional liquid-phase increased the trapped field at the base of the sample by 0.29 

T.  
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The small, unreacted Y-211 particles trapped within the Y-123 matrix during peritectic 

solidification create Y-211/Y-123 interfaces which are able to act as effective flux pinning centres. 

The increase in uniformity of the trapped field profile at the base of the sample provided with 

additional liquid-phase can be explained by: the increase in homogeneity of the Y-211 inclusions 

producing an improved homogeneity of the flux pinning, and the increased homogeneity of Y-123 

phase present at the base of the sample. The increase in magnitude of the maximum trapped field 

measured at the base of the sample provided with additional liquid-phase can be partly explained 

by the increase in Jc value due to increased uniformity of the Y-211 inclusion distribution. 

However, it is predominately due to the reduction in porosity and cracking. Also, in this sample, 

the single grain region extends to the base, and so there is a much larger area over which the 

superconducting current is able to flow at the base. The magnitude of the trapped field correlates 

directly with the area available for the superconducting current to flow, with the largest magnitude 

trapped field occurring for the largest a-b growth sector.   

 

 Conclusions 

A number of parameters associated with the widely-used TSMG process have been investigated. 

These include: the use of a buffer pellet, sintering of the precursor powder pellet prior to TSMG, 

provision of additional liquid-phase and the use of a mechanically stabilising Yb2O3 layer. The 

effect of these variables and parameters on the successful growth of a single grain of YBCO and 

its superconducting properties have been investigated. This has enabled a number of parameters 

to be optimised. The optimum conditions for the growth of a single grain of YBCO by TSMG are: 

a buffer pellet, additional liquid-phase-rich powder, no prior sintering of the precursor powder 

pellet, and a stabilising layer of Yb2O3 mixed with ethanol painted onto the base. 

 

The provision of additional liquid-phase during the TSMG process has significantly increased the 

reliability of through-thickness growth. In addition, by providing a more uniform composition at 

the growth front, it has produced a more uniform distribution of Y-211 particles within the Y-123 

superconducting matrix. This increased the quality of the superconducting properties: Tc, Jc and 

trapped magnetic field values, predominantly at the base of the sample. This provision enabled 

greater homogeneity in the superconducting properties throughout the sample.  
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The composition of additional liquid-phase can be further optimised by sintering to produce 

samples with better superconducting properties. The provision of additional liquid-phase-rich 

powder during growth is a simple change to the conventional TSMG process which has led to 

improved reliability of growth and improved sample performance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 98 

 Optimisation of growth rate for fabrication of large single 

grains of YBCO-Ag 

 

The addition of silver is reported to significantly improve the mechanical properties [40, 41] of 

single grain bulk (RE)BCO by increasing the fracture toughness [102] and bending strength [41, 

43] of the samples without degrading their superconducting properties [40, 44, 45]. In order to 

successfully grow single grains of (RE)BCO with other added elements, a good understanding of 

the growth process is critical. This, in turn, enables a suitable heating profile to be determined 

which is vital to the growth process. 

 

The successful, reliable, single grain growth of YBCO-Ag is much more difficult to achieve than 

growth of single grains of YBCO, GdBCO-Ag and SmBCO-Ag [51]. The fabrication of large, 

single grain bulk samples by batch processing has been achieved successfully for YBCO, and both 

the GdBCO-Ag and SmBCO-Ag systems [51], but for YBCO-Ag has yet to be achieved, due to 

the greater complexity of the growth of YBCO-Ag single grains. The addition of 5 wt% silver to 

the precursor powder reduces the peritectic temperature [103] by approximately 30 °C [42]. This 

significantly reduces the size of the temperature window available for the growth of single grains. 

The reduction in maximum processing temperature has many effects on the growth process, 

including on the decomposition [42], solute diffusion and interface kinetics. This, therefore, causes 

an overall reduction in the growth rate [103]. In addition, the reduction in processing temperature 

increases the likelihood of undesired spontaneous grain nucleation at points other than the seed. 

There are further difficulties associated with the low solubility of silver in the melt in the 

peritectically decomposed state [53]; yttrium diffuses much more slowly to the growth front than 

gadolinium or samarium during the growth process as it is not able to easily diffuse through the 

melt. Further reductions in yttrium diffusion, due to the reduction in temperature, makes the 

fabrication of single grains of YBCO-Ag much more difficult than those of YBCO, GdBCO-Ag 

and SmBCO-Ag.  This highlights the need for a very different heating profile for the successful 

growth of YBCO-Ag than for growth of YBCO, GdBCO-Ag and SmBCO-Ag. A carefully 

optimised heating profile, therefore, is crucial to the successful growth of single grain bulk 

superconductors by TSMG [104, 105], and this is particularly important for YBCO-Ag. 
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The provision of additional liquid-phase to recycle (RE)BCO, samples and to YBCO samples 

processed without silver, has enabled much more reliable fabrication of large single grains of 

YBCO. The additional liquid provides a sufficient concentration of the (RE) element at the growth 

front, enabling an improved tolerance to the presence of Ce and Ag-rich clusters that typically 

form during the melt process [99]. For this reason, liquid-phase enriched TSMG has been used to 

assist in the reliable fabrication of large single grains of YBCO-Ag that would otherwise have been 

difficult to fabricate by conventional TSMG. 

 

A number of studies have been carried out on the growth rate of the YBCO system fabricated 

without silver [57, 106]. It has been established that the relationship between growth rate and 

undercooling can be modelled by: 

 

𝑅a = 4.5 × 10−7∆𝑇1.9  (4.1) 

  

𝑅c = 2.8 × 10−6∆𝑇1.3 (4.2) 

 

where Ra is the growth rate of the ac-plane in mm/second, Rc is the growth rate of the ab-plane in 

mm/second and ∆T is the undercooling. Experimental results have been found to be in good 

agreement with these relationships [106].  

 

The measurement of the growth rate for (RE)BCO systems investigated to date has involved 

predominantly a single period of simple isothermal growth [57, 106, 107], and are based on 

assuming that the growth length of a single grain is proportional to the holding time. However, for 

the YBCO-Ag system, isothermal growth is unreliable and it has proven difficult to grow single 

grains in this way.  

 

Measurements of advance of the growth front have been made using a new, two-stage method, 

based on continuous cooling and isothermal holding (CCIH), in which a period of continuous 

cooling is followed by a holding period at a constant temperature. A slow-cooled period enables 

nucleation to occur. It is thought that a slow-cooled period is required because close to the 
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peritectic temperature the growth rate is very low while nucleation and the first stages of growth 

occur. This corresponds to the solid line in the plot of growth rate and temperature shown in Fig. 

5.1.  

 

 

Figure 5.1: A schematic of the relationship between growth rate and undercooling. The solid line in the 
plot corresponds to the region through which slow cooling takes place in CCIH. 

 

Previous studies involving a single isothermal hold period have shown the growth rate can be 

modelled by the expression:  

 

𝑅 = 𝛼(∆𝑇)𝛽 (4.3) 

 

where R is the growth rate, ∆T is the undercooling and 𝛼  and 𝛽 are constants that vary with 

composition of the precursor powder. In the diffusion-limited crystal growth model, 𝛽 is expected 

to be approximately equal to two for the YBCO system, assuming that YBCO crystal growth is 

controlled by the diffusion rate of the Y element in the liquid-phase (Ba3Cu5O8). 

 

The growth rate in the thermal profile used in CCIH is not fully defined by the growth rate model 

for an isothermal growth process. In this case the expression required to model the growth rate 
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becomes more complex because the additional continuous cooling periods must also be considered 

as they occur below the peritectic temperature of the system. The definition of growth rate must 

be considered: 

 

𝑅 =
d𝐿

d𝑡
 (4.4) 

 

where L is the growth length and t is the time over which growth occurs.  

 

In general, the undercooling can be modelled as a function of time, ∆T(t), so the growth length due 

to a given undercooling profile, such as that shown in Fig. 5.2, can be calculated using:  

 

𝐿 = ∫ 𝑑𝐿 = ∫ 𝛼(∆𝑇(𝑡))𝛽𝑑𝑡
𝑡

0

𝐿

0

 (4.5) 

 

 
Figure 5.2: A schematic of the undercooling as a function of time. 

 

The CCIH growth process is divided into three parts: rapid cooling from the peritectic temperature 

(between t=0 and t1), slower continuous cooling (between t=t1 and t2) and an isothermal hold period 

(between t=t2 and t3). A schematic of the cooling profile is shown in Fig. 5.3 and a schematic of 

the undercooling profile is shown in Fig. 5.4. 
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Figure 5.3: A schematic of the general cooling profile used for CCIH. 

 

 
Figure 5.4: A schematic of the general undercooling profile used for CCIH. 

 

The functions of ∆T and L for each region shown in the general CCIH case, as labelled in Fig. 

5.4, are given in Table 5.1. The variables Tc and t1 are coupled by the cooling rate between t=0 

and t1. In addition, the variables Ti and t2 are coupled by the cooling rate between t=t1 and t2 and 

the variables Tc and t1.  
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Region ∆T(t) L 

1 (
𝑇𝑝 − 𝑇𝑐

𝑡1
) 𝑡 ∫ 𝛼

𝑡1

0

[(
𝑇𝑝 − 𝑇𝑐

𝑡1
) 𝑡]

𝛽

𝑑𝑡 

2 (
𝑇𝑐 − 𝑇𝑖

𝑡2 − 𝑡1
) (𝑡 − 𝑡1) ∫ 𝛼

𝑡−𝑡1

0

[(
𝑇𝑐 − 𝑇𝑖

𝑡2 − 𝑡1
) (𝑡 − 𝑡1)]

𝛽

𝑑𝑡 

3 (𝑇𝑝 − 𝑇𝑖) ∫ 𝛼
𝑡−𝑡2

0

[(𝑇𝑝 − 𝑇𝑖)]
𝛽

𝑑𝑡 

Table 5.1: The undercooling profile and growth length functions for each region of the general CCIH case. 

 

 The overall growth rate equation for CCIH then becomes:  

 

∫ 𝑑𝐿 =
𝐿

0

∫ 𝛼
𝑡1

0

[(
𝑇𝑝 − 𝑇𝑐

𝑡1
) 𝑡]

𝛽

𝑑𝑡 + ∫ 𝛼
𝑡−𝑡1

0

[(
𝑇𝑐 − 𝑇𝑖

𝑡2 − 𝑡1
) (𝑡 − 𝑡1)]

𝛽

𝑑𝑡

+ ∫ 𝛼
𝑡−𝑡2

0

[(𝑇𝑝 − 𝑇𝑖)]
𝛽

𝑑𝑡 

(4.6) 

 

The parameters 𝛼 and 𝛽 can be found for each growth condition. The value of 𝛽 has been taken to 

be 2.2, as defined for the ratio of 25:75 of Y-211:Y-123 [57]. 

 

The liquid-phase enrichment technique [108] has been used to enable the successful fabrication of 

single grains of YBCO-Ag. The growth rate was approximated by using a new method in which 

thermal processing, comprising continual cooling and isothermal holding, was followed by 

measurement of the side lengths of the single grain region. The time periods of continuous cooling 

and isothermal hold have been varied for a series of YBCO-Ag samples. Measurement of the 

growth rate of small samples has provided a large amount of information on the growth process at 

a low relative cost, and because the samples used in the study are small, the time required for 

growth is short. The study of the growth rate in the YBCO-Ag system has subsequently enabled a 

suitable heating profile to be defined for the growth of YBCO-Ag single grains of a variety of sizes 

up to 26 mm in diameter. In addition, the microstructure and composition along both the a/b-axis 

and c-axis of the single grains was observed, and trends in the distribution of the silver 
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agglomerates and the Y-211 and Y-123 discussed. Both the microstructure of samples prior and 

post-oxygenation were observed. Conclusions have been drawn on the effect of the addition of 

silver to YBCO on the microstructure of the resulting large single grains.  

 

 The growth process 

The peritectic temperature of both standard YBCO precursor powder and YBCO-Ag precursor 

powder were measured using DTA. The peritectic temperature of the YBCO-Ag precursor powder 

was measured to be 989 °C, which is 40 °C lower than that of the YBCO precursor powder. The 

heating and cooling profile from DTA are shown in Fig. 5.5.  

 

Assemblies of YBCO-Ag were produced in a 20 mm die from 1.5 g of liquid-phase-rich powder 

below 10 g of YBCO-Ag precursor powder, as described in chapter 2. A layer of Yb2O3 paste was 

painted onto the base of each compact to avoid sub-grain formation.  

 

 
Figure 5.5: DTA of YBCO and YBCO-Ag precursor powder. 

 



 105 

Initially, the conventional single-stage isothermal hold growth process was investigated. Samples 

were heated above the peritectic temperature in a box furnace. This was followed by rapid cooling 

to 970 °C, which is below the peritectic melting point (989 °C). Following this the melt was held 

isothermally at 970 °C for 10 h.  

 

The samples did not grow when the conventional isothermal hold process was used, as observed 

in the sample shown in Fig. 5.6, so an additional slow cooling period was inserted between the 

rapid cooling to 970 °C and the isothermal hold stage. The slow cooled period had a cooling rate 

of 0.5 °C/h. This region enabled nucleation and growth initiation to take place. Each sample was 

cooled to the isothermal hold temperature (Ti) in the range 970 °C to 952 °C. The sample was then 

held isothermally for a given time period (ti) of between 45 minutes and 10 h. The isothermal hold 

time was varied to ensure the side length of the partially grown single grain could be measured. 

Each sample was quenched to ambient temperature at the end of the isothermal hold period. It was 

assumed that heat dissipation at the growth front was large in comparison to the growth rate, so 

the quenching enabled the growth dimensions and microstructure at the end of the isothermal hold 

period to be preserved. A schematic illustration of the overall heating profile can be seen in Fig. 

5.7, superimposed is the heating profile with a single isothermal hold period conventionally used 

to measure growth rate. 

 

 
Figure 5.6: The assembly post-heating did not show any visible grain growth. 
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Figure 5.7: A schematic of the heating profile used in the CCIH process, superimposed in red is the 

heating profile conventionally used in single-stage isothermal holding. 
 

The CCIH cooling profile with the temperatures, cooling rates and timings used in this work is 

shown in Fig. 5.8. In addition, the undercooling profile used for this work is shown in Fig. 5.9. Ti 

was varied which produced a variation in t2, in addition ti was varied. 

 

 
Figure 5.8: The cooling profile used for CCIH in this work. 
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Figure 5.9: The undercooling profile used for CCIH in this work. 

 

All nine samples were grown successfully. The top surface and cross-section of each sample is 

shown in Fig. 5.10. The edge of each of the single grain regions is indicated by a yellow dotted 

line.  

 

The side length of the square single grain region was measured on the top surface of each sample 

and the average of the two perpendicular side lengths recorded as grain growth in the a/b-axis 

direction. Each sample was then cut in half to enable the extent of growth in the c-axis direction 

to be measured as the vertical distance from the top of the buffer pellet to the edge of the single 

grain region observed in the rectangular central cross section at the centre of the sample. The 

positions of the measurements taken on each sample cross-section are illustrated in Fig. 5.11. The 

side lengths of the single grain regions are given in Table 5.2. 
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Figure 5.10: Photographs of the samples grown for the calculation of growth rate. The dashed lines show 

the edge of the single grain regions. 
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Figure 5.11: The measurements taken of the single grain region a) Top view where the two side lengths 

are averaged, b) Side cross-section. 
 
 

Ti (°C) ti (h) La (mm) Lc (mm) 

970 10 1.13 0.75 

967 10 1.08 1.40 

962 10 2.86 4.10 

960 10 3.90 6.09 

958 8 4.72 6.70 

956 6 5.35 8.19 

954 3 6.49 9.01 

954 2 5.89 8.23 

952 0.75 7.17 9.15 

Table 5.2: The growth lengths measured in the a/b-axis direction and c-axis direction for each growth 
condition. 

 

An approximation of 𝛽 was taken to be 2.2, as explained earlier. The values of 𝛼 for both growth 

in the a/b-axis direction and c-axis direction were calculated for each sample using an equation 

derived from equation 4.6. The calculated values of 𝛼 for each of the growth conditions are given 

in Table 5.3. 
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Ti (°C) ti (h) αa/b αc 

970 10 1.72 × 10−4 1.14 × 10−4 

967 10 0.789 × 10−4 1.02 × 10−4 

962 10 0.946 × 10−4 1.36 × 10−4 

960 10 1.01 × 10−4 1.57 × 10−4 

958 8 1.06 × 10−4 1.50 × 10−4 

956 6 1.06 × 10−4 1.62 × 10−4 

954 3 1.19 × 10−4 1.66 × 10−4 

954 2 1.14 × 10−4 1.59 × 10−4 

952 0.75 1.20 × 10−4 1.53 × 10−4 

Table 5.3: A table of the estimated values of alpha for YBCO-Ag grown by the CCIH process. 

 

The average 𝛼 value for each growth direction was used in the growth rate model. The values of 

𝛼 and 𝛽 were input to give the models of the growth rate for the YBCO system containing 10 wt% 

Ag2O of: 

 

 𝑅a/b = 1.1 × 10−4(∆𝑇)2.2 (4.7) 

  

𝑅c = 1.4 × 10−4(∆𝑇)2.2 (4.8) 

 

where Ra/b is the growth rate in the a/b-axis direction, Rc is the growth rate in the c-axis direction 

and ∆T is the undercooling. The standard deviation between the α values is only 2.6× 10−5 

between all growth conditions for growth in the a/b-axis direction and only 2.2 × 10−5 for growth 

in the c-axis direction. Plots of the measured growth length against the growth length predicted by 

the model are shown in Fig. 5.12. These plots show that there is an almost linear relationship 

between the two values. This suggests that the growth length predicted by the growth rate model 

is a good approximation to the measured growth rate along both growth axes. 
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Figure 5.12: A plot of the predicted growth length and the actual recorded growth length for a) the a/b-

axis direction and b) the c-axis direction after two-step cooling to a final undercooling ∆T with a 
subsequent isothermal hold (as shown in Fig. 5.9). Each colour marker represents a different value of Ti. 

The dotted line represents y=x, if the points lay on this line then the predicted and measured values 
would match perfectly.  

 

The percentage of growth that occured in each of the three cooling regions has been predicted 

using the growth rate model. This data is given in Table 5.4 and shows that during the rapid 

cooled period a negligible amount of growth occurs. At low levels of undercooling most of the 

growth occurs during the isothermal hold period, however, when the undercooling is increased a 

greater proportion of the growth occurs during the slow cooled period.  
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Ti (°C) ti (h) 
Percentage of total growth 

Region 1 Region 2 Region 3 

970 10 0 4 96 

967 10 0 36 64 

962 10 0 54 46 

960 10 0 58 42 

958 8 0 66 34 

956 6 0 74 26 

954 3 0 86 14 

954 2 0 91 9 

952 0.75 0 96 3 

Table 5.4: The percentage of total growth length that occurs in each region of cooling as predicted using 
the models for the YBCO-Ag system grown by CCIH. 

 

The growth rate model for both the a/b-axis direction and the c-axis direction is shown graphically 

in Fig. 5.13. 

 

 
Figure 5.13: A plot of the growth rate models predicted for YBCO-Ag, based upon two-step undercooling 

to a final undercooling ∆T. 

 

The plot in Fig. 5.13 suggest that there is a period of undercooling below the peritectic temperature 

within which the growth rate is very low. The need for the slow cooled period is suggested both in 

the structure of the bulk samples, and by the growth rate models. The region immediately below 
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the buffer appears to be deficient in silver compared to the central region, as shown in Fig. 5.14. 

In addition to the reduction in silver content, the size of the agglomerates present in the silver-

deficient region are much smaller in size relative to those in the adjacent region towards the centre 

of the sample, which appears to be silver-rich.  

 

It is thought that silver is forced to the growth front during the initial stages of growth, since it 

cannot be easily incorporated into the microstructure. As the growth front advances, too much 

silver is present to be pushed with the growth front, and so it is forced to move into the pores 

already present within the solidifying single grain structure. This discontinuity can be interpreted 

as the change from a silver deficient region to a silver-rich region where the silver agglomerates 

are much larger and fill some of the regions that were initially pores. The relatively low growth 

rate at low values of undercooling in the growth rate model provides further evidence of the 

importance of the seeding and growth initiation period required for successful nucleation and 

growth of the YBCO-Ag system. This region with a very low growth rate is approximately the 

same for both growth directions within the sample, suggesting that the slow cooling period is 

critical to achieving 3D growth and affects both growth directions to the same extent. This suggests 

that there is a nucleation barrier during the initial stages of growth of YBCO-Ag, so the growth 

cannot begin at low undercooling but a slow cool to a higher undercooling may enable this 

nucleation barrier to be overcome.  

 

 
Figure 5.14: A cross-section of a single grain illustrating the locations of the silver-deficient and silver-rich 

regions observed in the YBCO-Ag samples. 
 

The maximum recorded growth rate in the YBCO-Ag system is approximately 0.4 mm h-1, which 

is significantly lower than the maximum growth rate of the YBCO system of 0.6 mm h-1 [57, 106]. 

This significant reduction in the growth rate when YBCO is alloyed with silver is one of the major 
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limitations to the ease with which large single grains can be grown successfully. This reduction in 

growth rate also necessitates a significantly different heating profile for successful single grain 

growth. The growth rate model has been used to derive suitable heating profiles for the successful 

growth of single grains of YBCO-Ag of various sizes. 

 

Both the peritectic temperature measured using DTA and the growth rate at various values of 

undercooling enabled derivation of the appropriate heating profiles. A heating profile has been 

derived for growth of 20 mm as-pressed diameter grains of YBCO-Ag. 

 

The initial heating, holding and rapid cooling region had already been used in the growth process 

and did not need to be changed. The initial slow cooling was carried out at a rate of 0.5 mm h-1. In 

order to try to keep the heating profile as continuous and simple as possible, the isothermal hold 

period was replaced with a period of slow cooling, the length of which was calculated using the 

growth rate. This enabled an optimised heating profile to be derived and, as a result, a 20 mm 

diameter sample was successfully grown, as shown inset in Fig. 5.15. 

 

 
Figure 5.15: An optimised heating profile derived from the growth rate data for the successful growth of 

a single grain of 17 mm diameter of YBCO-Ag, a fully grown sample is shown inset. 

 

After determination of an initial heating profile for the successful growth of 17 mm samples, as 

shown in Fig. 5.15, further optimisation stages were undertaken. Notably, a small increase in the 

processing temperatures before the first rapid cooling stage produced single grains with fewer 

visible low-angle grain boundaries. This translated to a slight change in the initial section of the 

heating profile.  The slow cooling rate of 0.5 °C/h remained the same. This initial slow cooled 
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period enabled seeding and growth initiation. The temperature chosen for isothermal hold 

produced a reasonably high growth rate with an acceptably low risk of secondary grain growth. 

The length of the isothermal hold period was evaluated for each single grain and incrementally 

modified where necessary to ensure a fully-grown single grain was produced. Samples of YBCO-

Ag were produced as described in Chapter 2 using the masses of powder given in Table 5.5. The 

final heating profiles used for the growth of 20 mm, 25 mm and 30 mm diameter samples are 

shown in Fig. 5.16. This successfully produced six 17 mm diameter, five 21 mm diameter and four 

26 mm diameter samples as shown in Fig. 5.17. An additional sample of 25 mm diameter was 

grown in the same way and then oxygenated as described in Chapter 2. 

 

Die diameter 

(mm) 

Number 

pressed 

Mass of precursor 

powder (g) 

Mass of liquid-phase-rich 

powder (mm) 

20 6 10 1.5 

25 5 20 3.2 

30 4 45 4.6 

Table 5.5: A table of the mass of each powder used during pressing of different sized samples. 
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Figure 5.16: The heating profiles used for the growth of a) 20 mm, b) 25 mm and c) 30 mm diameter 
assemblies of YBCO-Ag. 
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Figure 5.17: YBCO-Ag single grains of diameter (top row) 17 mm, (middle row) 21 mm and (bottom row) 

26 mm. 

 

 Microstructure prior to oxygenation 

A number of samples used to study the growth rate were cut in half to expose a rectangular cross-

section. The requirement for a slow-cooled seeding period, in addition to the isothermal hold 

period, is suggested by the structure of each of the cut samples. The cross-sections showed the 

same trend as described in earlier. The region directly below the buffer pellet appears to be silver-

deficient in comparison to the central region. 

 

Closer observation of the microstructure was undertaken for a number of the partially grown 

samples. Fig. 5.18 shows the entire cross-section of a number of the samples, each of these images 

has been assembled from individual microscope images taken at 50× magnification. In addition, 
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Fig. 5.19 shows the microstructure ahead of and behind the growth front at 500× magnification for 

a number of the growth-rate samples, and Fig. 5.20 shows the region of the growth front at 50× 

magnification. The distinction between the single grain region and the region outside of the single 

grain is clearly visible in the samples shown in Fig. 5.20 as the Y-123 matrix is more continuous.  

 

 
Figure 5.18: Whole cross-sections at 50x magnification of partially grown single grains grown with Ti of: 

a) 970 °C, b) 962 °C, c) 956 °C and d) 952 °C. 
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Figure 5.19: Optical microscope images at 500x magnification of a number of the growth rate samples 

both behind and ahead of the growth front. 
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Figure 5.20: Optical microscope images at 50x magnification showing the regions in the growth rate 

sample both ahead (below the white line) of and behind the growth front (above the white line). 
 
 

Fig. 5.21 shows optical microscope images of the almost fully grown sample before oxygenation, 

held at an undercooling of 18 °C for 45 minutes. This illustrates the distribution of silver 

agglomerates in the sample microstructure more clearly. The images taken at 0 mm and 1 mm 

from the top surface of the sample correspond to the region within the buffer pellet; this contains 
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a large number of small pores and a limited number of small silver agglomerates. The images at 2 

mm and 3 mm lie within the region that appears to be silver deficient to the eye. It can be seen 

from these images that there are silver agglomerates present in this region. However, the silver 

agglomerates in the ‘silver-deficient’ appearing region are much smaller in size and there are fewer 

silver agglomerates in this region compared to the region that appears to be silver-rich.  

 

 
Figure 5.21: Optical microscope images taken at 50x magnification along the c-axis directly below the 

seed. 

 

Fig. 5.22 shows optical microscope images of the same sample at 500x magnification. The Y-211 

and silver distribution can be seen clearly in these images. The image taken at 0 mm from the top 

is within the buffer pellet, where many small pores (black) are present within the Y-123 matrix, 

and there are no visible silver agglomerates. The image labelled 1 mm is also within the buffer 

pellet and this does contain some silver agglomerates; these are shown as bright white-yellow 

regions. This indicates that some of the silver does move through the sample and into the buffer 

pellet and reinforces the point that it is essential to use a buffer to prevent seed failure. Elongated 

lines of silver are visible in the a/b-direction within the buffer pellet, although this is not observed 

throughout the bulk of the sample. The buffer pellet is also relatively porous. The movement of 

silver into the buffer pellet provides evidence that the buffer pellet is necessary to prevent seed 

failure due to silver contamination. The contamination of the seed by silver would significantly 

reduce the peritectic temperature of the seed, and therefore it would be unlikely to remain solid 

during the heating stages of processing.  



 122 

 The image at 2 mm from the top of the sample is towards the edge of the buffer and at the top of 

the sample, this region still contains a large number of small pores. The image taken at 3 mm along 

the c-axis direction lies in the ‘silver-deficient’ region, it contains: one relatively large pore (very 

dark grey), a small number of very small pores (black), a number of small silver agglomerates 

(white) and a uniform distribution of Y-211 particles (pale grey, not easily visible) within the Y-

123 matrix. Much larger silver agglomerates are present with increasing distance from the seed in 

the ‘silver-rich’ region and more, larger pores are also present. This suggests that the silver initially 

fills pores that are present within the bulk single grain. Many of the large pores are filled by the 

additional liquid towards the base of the sample, so there are fewer pores in that region which are 

available to be filled by the silver. This is why there are smaller and fewer silver agglomerates in 

the lower region of the sample. 

 

 
Figure 5.22: Optical microscope images taken at 500x magnification along the c-axis directly below the 

seed. 

 

 Microstructure of the oxygenated samples 

The samples imaged in the previous section had not been oxygenated as they were only partially 

grown for the growth rate study, and their superconducting properties were not measured. 

However, bulk samples used in practical applications must be superconducting when cooled, so 

they will have been subjected to the oxygenation process. This involves prolonged heating at 450 

°C. During this process oxygen diffuses into the sample, and a phase change occurs within the 

matrix. Silver may move during this heating process and cracks are often formed. The figures 

below show a 21 mm diameter single grain of YBCO-Ag which has been oxygenated. The buffer 
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pellet had been removed prior to cutting to enable trapped field measurements to be taken. The 

entire cross section is shown in Fig. 5.23. There are a greater number of cracks along the a/b-

direction than observed in Fig. 5.21; this is expected. However, a similar dispersion of silver and 

pores are observed. When viewed from a distance this image shows the ‘silver-deficient’ looking 

region at the top and then a silver-rich looking region at the centre of the bulk as was observed in 

the un-oxygenated samples.  

 

Images of the oxygenated sample at 1 mm intervals along the c-axis direction have been taken at 

both 50x magnification and 500x magnification using an optical microscope, as shown in Figs. 

5.24 and 5.25. These images have enabled comparison between the porosity, silver and Y-211 

distribution along the c-axis of a single grain before and after oxygenation. The images in Figs. 

5.21 and 5.22 show a single grain prior to oxygenation. It should be noted that as the seed and 

buffer have been removed; 0 mm in Figs. 5.24 and 5.25 corresponds approximately to 3 mm in 

Figs. 5.21 and 5.22. The images at 0 mm and 1 mm in Fig. 5.25 clearly show a similar trend in the 

silver agglomerate size as the un-oxygenated sample; these silver agglomerates are much smaller 

than those seen further from the seed. Larger silver agglomerates begin towards the bottom of the 

image at 2 mm in this figure and in the images at 3 mm, 4 mm and 5 mm large silver agglomerates 

are present. However, there is a reduction in the size of the silver agglomerates present with greater 

distance from the seed. This corresponds with that observed in the bottom half of the image at 7 

mm and the images recorded at a greater distance from the seed. 

 

The images in Fig. 5.25 show a similar distribution in the silver content and size of the silver 

agglomerates as the images from the un-oxygenated sample in Fig. 5.22. However, the overall 

average size of the large silver agglomerates appear to be larger in the oxygenated sample. This is 

likely to be because the extended time period at high temperature experienced by the oxygenated 

sample has enabled greater diffusion of the silver. This has allowed larger agglomerates to form. 

Alternatively, due to the inherent variability in samples produced by TSMG, the sample which has 

been oxygenated may have initially had larger pores, hence allowing the silver agglomerates 

formed to be larger.  
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Figure 5.23: The entire central cross section of an oxygenated single-grain of YBCO-Ag. This was 
produced by assembling a large number of images taken at 50x magnification using an optical 

microscope. 

 

 
Figure 5.24: Optical microscope images of a sample post-oxygenation taken at 50x magnification along 

the c-axis directly below the seed. 
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Figure 5.25: Optical microscope images of a sample post-oxygenation taken at 500x magnification along 

the c-axis directly below the seed. 

 

 Composition 

The composition of the partially grown samples shown in Fig. 5.18 was analysed at intervals of 1 

mm along the c-axis directly below the seed, as shown in Fig. 5.26. A sudden transition can be 

seen in the normalised at % of Y at the edge of the single grain region. The observed normalised 

at % of silver is as expected from the microscope images; at the top of the sample the at % of silver 

is low, but increases with distance into the ‘silver-rich’ region. More of the pores are filled as the 

distance from the seed increases further towards the region providing additional liquid, and the 

presence of silver agglomerates is less evident, those that are present are much smaller in size. The 

samples, which have not grown or have shown a very limited growth, exhibit a greater variation 

in composition between corresponding locations, as seen in Fig. 5.26 b and 5.26 c. With the 

exception of Ba and Cu, in all samples the normalised quantity of each element present fluctuates 

about the expected value based on the composition of the precursor powder. In the case of the 

normalised Ba and Cu, in the almost fully grown sample shown in Fig. 5.26 d, the amount of Cu 

and Ba present is, with the exception of one location, always higher than the expected value. This 

shows that, when growth occurs towards the base of the sample, some of the additional liquid-

phase provided is taken into the sample and increases the overall Ba and Cu content within the 

single grain region. 
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Figure 5.26: The composition within partially grown single grains with Ti of: a) 970 °C, b) 962 °C, c) 956 °C 

and d) 952 °C alongside the composition expected based on the precursor powder composition. 

 

The ratios Y:Ba and Y:Cu from each location along the central c-axis have been plotted in Fig. 

5.27. The quantity of Y-211 and Y-123 present correlates with these ratios, so these plots can be 

used to identify trends in the distribution of the Y-211 inclusions throughout the bulk and in the 

amount of Y-123 superconducting phase present. The sample from which the graphs in Fig. 5.27 

a and Fig. 5.27 b are taken had only partially grown by a small amount, and so the majority of 

points will contain unreacted precursor powder. This accounts for the consistency in the ratios, 

and there are only small variations between each corresponding point. However, a larger portion 

of the samples, of which the composition is shown in Figs. 5.27 c and 5.27 d, had grown as a single 

grain. In Fig. 5.27 c both ratios show a general trend of increasing until 4 mm away from the seed. 
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This region is within the single grain region, and these ratios show that the amount of Y-211 

increases whilst the amount of Y-123 decreases. This corresponds with the push-trap theory. With 

increasing distance from the seed after 4 mm away is the region that lies outside the single grain.  

 

The sample whose composition is shown in Fig. 5.27 d is almost fully grown, so the majority of 

the points displayed in this graph are within the single grain region. In this sample there is a general 

trend of a slight increase in the ratios, showing there is a slight increase in the amount of Y-211 

with distance from the seed. This increase is slight which suggests that both the distribution of Y-

211 inclusions and the Y-123 matrix is relatively homogeneous throughout the c-axis direction at 

the centre of the sample. The point at 3 mm from the seed has a significantly different value for 

both ratios than all other points; this suggests there is a random fluctuation in the particular image 

taken using SEM. This may be due to the large increase in the silver content in the central region. 

 

 
Figure 5.27: Y/Ba and Y/Cu ratios for partially grown single-grains with Ti of: a) 970 °C, b) 962 °C, c) 956 

°C and d) 952 °C. These ratios correlate with the ratios of Y-123 and Y-211 present 

 



 128 

 Conclusions 

The growth rate of single grains of YBCO-Ag has been investigated in detail. This has been studied 

using a new method based on continuous cooling and isothermal hold, which differs from previous 

studies of growth rate by providing a seeding and growth initiation period prior to the isothermal 

growth stage. This is the first time growth rate data has been reported in detail for the YBCO-Ag 

system. 

 

This study has enabled optimum heating profiles to be derived for the growth of large single grains 

of YBCO-Ag. The distribution of silver is not uniform throughout the cross section of the bulk 

microstructure. It is difficult to incorporate the silver into the YBCO lattice during the initial stages 

of growth. In consequence, silver is pushed by the growth front, generating a silver deficient region 

below the seed that contains only a limited concentration of small silver agglomerates. Once the 

level of silver at the growth front reaches a threshold, however, silver is incorporated into the bulk 

microstructure to yield a discontinuity in the silver distribution. Many more and much larger silver 

agglomerates are present further away from the seed and fill regions that were initially pores. The 

filling of pores by the silver agglomerates reduces the porosity and therefore is likely to improve 

the strength of the initially brittle YBCO bulk material, which is important for practical 

applications of this material.  
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 Comparison of the superconducting properties of YBCO and 

YBCO-Ag single grains 

 

The widespread use of ceramic and single grain (RE)BCO superconductors is, in general, limited 

by their poor mechanical properties. The addition of alloying elements prior to processing is often 

implemented to improve the mechanical properties of conventional ceramic materials. However, 

the processing requirements of a single grain bulk superconductor limits the viability of the use of 

this method, and its ability to produce positive effects on the superconducting properties of the 

material. In addition, it is widely acknowledged that the inclusion of additional elements and 

compounds can be detrimental to the superconducting properties of a bulk single grain. 

 

In order for the (RE)BCO material to have high Jc values and trap a large magnetic field, a large 

single grain must be produced. Sintered multi-grain (RE)BCO materials have a very limited 

magnitude of trapped field and Jc values [8, 109]. These sintered materials have a very low apparent 

density, they accumulate impurities at the grain boundaries and, critically, the grain boundaries act 

as weak links to the flow of superconducting current [6, 10]. Hence, a large single grain is required 

with a predominantly uninterrupted superconducting matrix in which the supercurrent can flow. 

In Chapter 5 the first challenge was overcome; the growth of large single grains of YBCO-Ag was 

achieved reliably.  

 

Another important factor in maximizing the achievable Jc values of (RE)BCO materials is the 

provision of effective non-superconducting inclusions which are able to pin the magnetic flux lines 

within the superconducting matrix [66, 67, 72, 73]. The achievable Jc value is dependent on the 

distribution of these flux-pinning inclusions and their size; the value of Jc is directly proportional 

to the volume fraction of these inclusions and indirectly proportional to their size [80]. Although 

the optimum size of these inclusions is of the order of the coherence length, varying between single 

angstroms and tens of angstroms in Y-123 [71], larger inclusions are still able to provide pinning, 

albeit less effectively [8]. Y-211 inclusions are the predominant source of flux pinning in the Y-

123 system [80]. In order to optimize the pinning, these inclusions should be as fine as possible 
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and dispersed uniformly throughout the single grain matrix [80]. It is difficult to achieve a fine and 

uniform distribution of these inclusions during the TSMG process, as explained in Chapter 1.  

 

(RE)BCO bulk superconducting materials require relatively high onset Tc values, large Jc values 

and a sharp transition to the superconducting state. The key to the successful development of a 

new or improved material for use as a bulk superconductor in practical applications is an assurance 

that the properties and performance of this material are not inferior to those of YBCO single grains 

fabricated by TSMG. Hence, any mechanism used to improve the mechanical properties of 

(RE)BCO single grains must not significantly disturb the area of the superconducting matrix within 

which the supercurrent can flow. In addition, it should not have a negative effect on the uniformity 

of the Y-211 flux pinning inclusions or increase their size. It must also be ensured that the attempts 

to improve the mechanical strength do not have a negative effect on the Tc values, either as a direct 

result of alloying, or due to a reduction in the ability to oxygenate the material. Specifically, the 

Y-123 matrix must retain sufficient pores and cracks to assist in the diffusion of oxygen throughout 

the sample within a reasonable time frame to ensure oxygenation can be carried out effectively. 

 

The optimization of pores and cracks present within the microstructure is important for both the 

oxygenation process, and hence the Tc value, but also for the magnitude of the Jc and trapped field 

values. Sufficient pores and cracks are required to enable oxygenation, although these have a 

detrimental effect on the value of Jc, and hence trapped field [56]. The presence of a/c-cracks and 

pores reduce the effective area of the superconducting matrix over which the supercurrent is able 

to flow [56], and these should be reduced to the minimum necessary to allow oxygenation.  

 

In this chapter, the growth process developed in Chapter 5 has been used to fabricate large single 

grains of YBCO-Ag. The trapped field profile and maximum trapped field has been measured for 

a number of different sizes of YBCO-Ag single grains, and compared to that exhibited by single 

grains of YBCO and LR YBCO. In addition, the onset Tc value, sharpness of the transition to the 

superconducting state and the Jc value of a number of sub-specimens cut from one sample of each 

of YBCO, LR YBCO and YBCO-Ag have been derived and compared. The distribution of Jc 

values along the c-axis directly below the seed has then been compared with the pore and silver 

distribution in each of the single grains.  



 131 

 The growth process 

The six 17 mm diameter, five 21 mm diameter and four 26 mm diameter samples grown in Chapter 

5 (initially pressed using dies of diameter 20 mm, 25 mm and 30 mm, respectively) were used for 

measurement of the trapped field in a range of sizes of YBCO-Ag single grains. In addition, four 

samples of each of standard YBCO, liquid-phase-enriched (LR) YBCO and YBCO-Ag were 

pressed uniaxially in a 30 mm diameter die (to produce samples 26 mm in diameter following 

shrinkage). The standard YBCO samples were pressed from 46 g of standard precursor powder, 

the LR YBCO and YBCO-Ag samples were pressed from a layer of 4.6 g of liquid-phase-rich 

powder below 46 g of standard YBCO or YBCO-Ag precursor powder. Each sample was 

assembled and a layer of Yb2O3 paste was painted onto all surfaces of the compact except the top 

surface. Each assembly was heated according to the heating and cooling profiles used shown in 

Fig. 6.1. Each of the samples was oxygenated following the growth process.  

 

 
Figure 6.1: Heating profiles used for the growth of 30 mm diameter assemblies of a) YBCO-Ag and b) 

YBCO and LR YBCO by TSMG. 
 

Each sample has successfully grown into a single grain, which is evident from the four-fold facet 

lines present on the top surface that extend to the base of each sample, these samples are shown in 

Figs. 5.17 and 7.1. The samples used for the measurement of Tc and Jc values are shown in Fig. 

6.2. In addition, a representative example of the whole cross section built from individual 50x 

magnification images of the samples of YBCO, LR YBCO and YBCO-Ag used for the 

measurement of Tc and Jc values are shown in Fig. 6.3. The pore size is noticeably smaller 

throughout the YBCO-Ag sample in comparison with the YBCO and LR YBCO samples. There 

were fewer cracks observed in the YBCO-Ag sample than in the YBCO or LR YBCO sample and 
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those cracks present in the YBCO-Ag sample were characteristically much thinner and shorter. 

The assembled images at low magnification also show the distribution of silver within the sample. 

A number of large silver agglomerates are randomly distributed alongside many small silver 

agglomerates. 

 

 
Figure 6.2: The fully grown single grains of a) YBCO, b) LR YBCO and c) YBCO-Ag. 
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Figure 6.3: Whole cross-sections of single grains of: a) YBCO, b) LR YBCO, and c) YBCO-Ag. 
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 Superconducting properties 

 Trapped field  

The trapped field at the top and base of all samples were measured. All the samples exhibited a 

trapped field profile with a single peak and a smooth, continuously decreasing radial field gradient, 

characteristic of a single grain sample. The maximum trapped fields recorded on the top and 

bottom surfaces are given in Table 6.1. The average maximum trapped field for each size and type 

of sample is plotted in Fig. 6.4. The error bars in the figure represent the largest and smallest 

maximum trapped field value recorded for each type and size of sample.  

 

The maximum trapped field recorded at the base of each of the samples was, in general, 

significantly lower than the trapped field recorded at the top surface, as expected. In addition, the 

smaller sized samples of YBCO-Ag had a significantly lower maximum trapped field than the 26 

mm diameter samples of YBCO-Ag. This is also as expected; the larger the area over which the 

superconducting current can flow undisturbed, the larger the trapped field achievable for the 

sample.  

 

The average maximum trapped field recorded for each of the 26 mm diameter samples is 

comparable across all three samples when the top or base is considered separately. There is, 

however, greater variation in the range of maximum trapped field of the YBCO-Ag than in either 

the LR YBCO samples or YBCO samples. The maximum trapped field at the top of one of the 

YBCO-Ag samples was over 0.05 T higher than the trapped field recorded in any of the YBCO 

samples.  
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Sample type Sample diameter (mm) 
Maximum trapped field (T) 

Top Base 

YBCO-Ag 17 0.47 0.34 

YBCO-Ag 17 0.30 0.24 

YBCO-Ag 17 0.38 0.30 

YBCO-Ag 17 0.41 0.21 

YBCO-Ag 17 0.36 0.21 

YBCO-Ag 17 0.28 0.22 

YBCO-Ag 21 0.40 0.29 

YBCO-Ag 21 0.40 0.31 

YBCO-Ag 21 0.35 0.33 

YBCO-Ag 21 0.36 0.27 

YBCO-Ag 21 0.42 0.32 

YBCO-Ag 26 0.58 0.23 

YBCO-Ag 26 0.50 0.35 

YBCO-Ag 26 0.64 0.37 

YBCO-Ag 26 0.53 0.35 

YBCO-Ag 26 0.68 0.51 

YBCO-Ag 26 0.57 0.47 

LR YBCO 26 0.54 0.36 

LR YBCO 26 0.67 0.39 

LR YBCO 26 0.63 0.39 

LR YBCO 26 0.66 0.42 

YBCO 26 0.61 0.42 

YBCO 26 0.63 0.50 

YBCO 26 0.58 0.45 

YBCO 26 0.60 0.39 

Table 6.1: The values of maximum trapped field recorded at the top and base of a number of single 
grains of YBCO, LR YBCO and YBCO-Ag. 
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Figure 6.4: A plot of the average maximum trapped field recorded on the top and bottom surface of 26 

mm diameter samples of YBCO and LR YBCO and a range of sizes of YBCO-Ag. 

 

 Transition temperature and critical current density 

One of each of the 26 mm diameter samples of YBCO, LR YBCO and YBCO-Ag was chosen at 

random to be analysed using the SQUID. Sub-specimens were cut from along the c-axis directly 

below the seed and the locations were labelled as shown schematically in Fig. 6.5. 

 
Figure 6.5: A schematic of the locations of the sub-specimens cut from each bulk. 

 

The values of Tc and ∆T90 are given for each sub-specimen in Table 6.2. Histograms to enable 

comparison of these data for the different sub-specimen values are shown in Fig. 6.6. The value of 

Tc was at least 0.2 K higher for all corresponding sub-specimens of YBCO-Ag compared to the 

sub-specimens of YBCO. Conversely, the values of Tc for corresponding sub-specimens of LR 
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YBCO were comparable to those of the YBCO-Ag sub-specimens. The transition to the 

superconducting state was also sharper for sub-specimens of YBCO-Ag than for sub-specimens of 

YBCO and LR YBCO, with the exception of two and three equivalent sub-specimens, 

respectively. 

 

Sub-

specimen 

YBCO LR YBCO YBCO-Ag 

Tc 

(K) 

∆T90 

(K) 

Jc(0) 

(MA m-2) 

Tc 

(K) 

∆T90 

(K) 

Jc(0) 

(MA m-2) 

Tc 

(K) 

∆T90 

(K) 

Jc(0) 

(MA m-2) 

1 91 1.2 394 91 1.4 482 92 1.2 417 

2 92 1.1 413 92 1.2 386 92 0.7 465 

3 92 1.1 454 92 1.5 371 92 0.5 495 

4 92 0.8 412 92 1.0 400 92 1.9 160 

5 91 3.7 267 92 1.2 380 92 3.0 145 

6 91 0.7 401 92 0.9 326 92 1.7 287 

Table 6.2: Tc , ∆T90 and Jc values of the sub-specimens of YBCO, LR YBCO and YBCO-Ag 

 

The values of Jc(0) are given in Table 6.2, the Jc(0) value has been tabulated to provide a 

meaningful, single quantitative comparison of the Jc values between sub-specimens and types of 

sample. The highest value of Jc(0) was recorded at the centre of the YBCO and YBCO-Ag samples 

(454 MA m-2 and 494 MA m-2, respectively), whereas in the LR YBCO sample this was recorded 

at the top (482 MA m-2). The largest overall maximum Jc(0) value was recorded in a YBCO-Ag 

sub-specimen, this was 40 MA m-2 higher than the maximum recorded in the YBCO sample and 

12 MA m-2 higher than recorded in the LR YBCO sample. The Jc(0) value was extremely consistent 

across all sub-specimens from the LR YBCO sample to within ± 78 MA m-2. The values of Jc(0) 

were less consistent between sub-specimens of YBCO, varying within ± 94 MA m-2, however, 

they were significantly less consistent between sub-specimens of YBCO-Ag which varied within 

± 175 MA m-2. Sub-specimens 1-3 of YBCO-Ag exhibited significantly higher values of Jc(0) than 

the YBCO sub-specimens. Conversely, the values of Jc(0) measured at the base of the samples 

were significantly and consistently higher in the YBCO sub-specimens.  
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a 

 
b 

 
c 

 
Figure 6.6: Histograms to enable comparison between corresponding sub-specimens for: a) Tc , b) ∆T90, 

and c) Jc values. 
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 Microstructure 

The remaining half of each of the three samples used to analyse the Tc and Jc values were prepared 

for microstructure analysis using the optical microscope. A magnification of 50x was used to 

observe the pore, crack, and, where relevant, the silver distribution, while a magnification of 500x 

was used to observe the distribution of Y-211 agglomerates in the single grain microstructure. 

Images were taken centrally at 1 mm intervals in the c-axis direction and in the a/b-axis direction 

at approximately 1.5 mm vertically from the top of the sample. These images are shown in the 

appendix. In addition, the c-axis was imaged at 50x magnification at intervals corresponding to 

the centre of each of the sub-specimens used for physical characterisation, these images are shown 

in Fig. 6.7. 

 

The microstructures of YBCO and LR YBCO are very similar, although the microstructure of 

YBCO-Ag is significantly different. The pores in YBCO-Ag are significantly smaller. There are 

also a large number of very small silver agglomerates accompanying some larger silver 

agglomerates which appear to have filled regions that would otherwise have been pores. In 

addition, the cracks present within the YBCO-Ag sample are significantly smaller than those 

present in both the YBCO and LR YBCO samples.  

 

Throughout the c-axis direction the YBCO and LR YBCO samples show a very similar 

microstructure, although the microstructure of YBCO-Ag is significantly different. The pore size 

in the YBCO and LR YBCO samples is large and there are large horizontal cracks present in the 

sample microstructure. The pores present in these two samples range between approximately 40 

μm and 270 μm, with a large number of the pores of a size closer to the largest pore present. 

However, in the YBCO-Ag sample, the pore size ranges between 30 μm and 140 μm, with many 

of these pores closer in size to the smallest pores present. In addition, the cracks in the YBCO-Ag 

sample are significantly smaller. There are also fewer vertical cracks present within the YBCO-

Ag sample than in the other two types of sample. 

 

Figs. 6.8 to 6.10 show images of the samples along the c-axis from directly below the seed at 500x 

magnification. This magnification is sufficiently high to enable the Y-211 agglomerates to be 

observed. These figures show there is a large variation in the size of the Y-211 inclusions. There 
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are many different sizes of these inclusions within each image. The LR YBCO shows a much 

greater uniformity in both the size of the Y-211 inclusions and in the distribution than the YBCO 

samples. There are fewer but larger Y-211 inclusions closer to the seed and more and smaller 

inclusions with distance from the seed in the YBCO samples. This was not observed in either the 

LR YBCO or the YBCO-Ag; the YBCO-Ag had a very uniform distribution of Y-211 inclusions 

both within each image and along the c-axis of the bulk single grain. These images enable some 

of the silver to be observed too; some of these pores are partially filled by silver, as is shown in 

the image taken at 5 mm.  

 

The microstructure of the samples imaged at 50x magnification along the a/b-axis approximately 

1.5 mm from the top surface show a number of small horizontal and vertical cracks present in the 

sample microstructure. However, these cracks are thinner in the YBCO-Ag sample than in the 

other two types of sample, as also observed in Fig 6.7. In addition, there are fewer cracks present 

and the cracks are thinner near the top of the sample than observed further along the c-axis. The 

pores present in the images taken near the top of the sample are much smaller than those observed 

further down the c-axis, and there are also fewer pores in all three samples near the top of the 

sample. There are a number of silver agglomerates present and there are both small and large silver 

agglomerates present. In many cases silver agglomerates have partially filled the pores present in 

the YBCO-Ag samples. In addition, the addition of silver has reduced the extent and number of 

vertical cracks present.  

 

The microstructure imaged at 50x magnification at 1.5 mm from the base of the samples show 

some small cracks present in both the YBCO and LR YBCO images, and a larger crack present in 

the YBCO-Ag sample. There is a limited number of relatively small pores in the YBCO and LR 

YBCO images, and there are fewer and, on-average, smaller pores than at the centre of the c-axis 

of the sample. There is a very limited amount of silver present in the YBCO-Ag sample in 

comparison to that observed at the top and mid-way along the c-axis. This reduction in silver may 

be due to the additional liquid-phase provided at the base filling most of the pores, which could 

otherwise have been filled by silver. Although there is less silver present in the YBCO-Ag samples 

at this location, there are still fewer vertical cracks present than in the other two types of samples. 
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Figure 6.7: Optical microscope images taken at 50x magnification corresponding to approximately the 

centre of each of the sub-specimens. 
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Figure 6.8: Optical microscope images along the central c-axis of a YBCO sample at 500x magnification. 

 

 



 143 

 
Figure 6.9: Optical microscope images along the central c-axis of a LR YBCO sample at 500x magnification. 

 



 144 

 
Figure 6.10: Optical microscope images along the central c-axis of a YBCO-Ag sample at 500x magnification. 
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 Porosity and Silver distribution 

The area occupied by pores and, where relevant, silver, of each image shown in Fig. 6.7 was as 

determined using threshold analysis, this data has been plotted in Fig. 6.11. The area occupied by 

pores is much lower in the YBCO-Ag samples than in either the YBCO or LR YBCO samples at 

all locations except locations 1 and 6. At the locations where the area occupied by silver is highest, 

the area occupied by pores in the YBCO-Ag sample is lowest and significantly lower than the area 

occupied by pores in the other types of sample. This suggests that some of the pore area must have 

been filled by silver agglomerates in the YBCO-Ag samples. The area occupied by pores increases 

with increasing distance from the seed and then begins to decrease mid-way down the sample. 

This is as expected from both the images taken and from observation presented in Chapter 5. The 

average area occupied by pores in the LR YBCO sample is similar to that of the standard YBCO 

sample.  

 

 
Figure 6.11: A plot of the area occupied by pores in each image of the sub-specimen, as derived using 

threshold analysis. 

 

 Relation between microstructure, composition and superconducting 

properties 

The average maximum trapped field is comparable for all three types of sample. The addition of 

silver does not have a detrimental effect on the maximum trapped field achievable or the 
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uniformity of the trapped field profile. The 26 mm diameter YBCO-Ag samples show a greater 

variation in the maximum trapped field. This suggests that it is possible to produce YBCO-Ag 

samples with higher maximum trapped fields than is achievable in YBCO or LR YBCO samples 

of the same size. 

 

The onset Tc value of the sub-specimens of YBCO-Ag was higher than that of the sub-specimens 

of YBCO and LR YBCO in almost all sub-specimens. This is both desirable, and, shows the 

addition of silver does not have a detrimental effect on the Tc values. The sub-specimens of YBCO-

Ag have a sharper transition to superconducting (given by the value of ∆T90) than the YBCO sub-

specimens. This indicates that the quality, in terms of the superconducting properties, of the 

YBCO-Ag sample is higher than that of the YBCO sample. Conversely, although sub-specimens 

from the top of the YBCO-Ag sample have a sharper transition to the superconducting state than 

those from the top of the LR YBCO sample, the LR YBCO sub-specimens exhibit a sharper 

transition at the base. This suggests that the provision of additional liquid alone improves the 

quality of the sample towards the base, although this becomes more complex and less effective 

when silver is added. 

 

The highest value of Jc(0) for all sub-specimens investigated was recorded for one of the YBCO-

Ag sub-specimens. The value of Jc(0) in YBCO-Ag is higher than that of the corresponding sub-

specimens of YBCO for the top three sub-specimens and sub-specimens two and three of LR 

YBCO. However, closer to the base, the corresponding YBCO and LR YBCO sub-specimens 

yielded higher Jc(0) values. Fig. 6.12 shows plots of the area occupied by pores at the centre of 

each sub-specimen with the trend in Jc(0) values superimposed for each sample. The porosity of 

the YBCO sample is relatively consistent, as is the Jc(0) value, with the exception of sub-specimen 

five. The porosity of sub-specimen five is much higher than that of the rest of the sub-specimens 

from the sample and this sub-specimen has a much lower Jc(0) value. This suggests that the value 

of Jc(0) is inversely affected by the porosity. This is as expected, since a higher porosity will reduce 

the area of Y-123 superconducting matrix available within which the superconducting current can 

flow. However, as there is only a large change for one sub-specimen, more samples must be 

investigated in detail to check if this hypothesis is supported. 
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The porosity in the LR YBCO sample is lower on average. The highest porosity is 11 %, compared 

with 13.9 % exhibited in sub-specimen five of the YBCO sample. The value of Jc(0) in the LR 

YBCO sample is much higher in sub-specimen one than in any of the other sub-specimens and the 

porosity at this location is much lower, at only 5.3 %. The Jc(0) values and area occupied by pores 

is consistent throughout the other sub-specimens. This relationship supports the hypothesis 

described above that there is an inverse relationship between porosity and the Jc(0) value.  

 

In the YBCO-Ag sample, there was a large difference in the Jc(0) values in sub-specimens one to 

three compared to sub-specimens four to six. This is unexpected since the porosity is lower in sub-

specimens two to five than in the corresponding sub-specimens of the other two types. The area 

occupied by pores is very consistent between sub-specimens, which suggests that the sub-

specimens from this sample do not support the hypothesis that the value of Jc(0) is inversely related 

to the porosity. One reason for this could be the addition of silver. The silver is not superconducting 

so may behave in a similar way to a pore within the Y-123 superconducting matrix, and hence 

both the area occupied by pores and the area occupied by both pores and silver are plotted in Fig. 

6.12. Neither the distribution of silver nor the distribution of combined silver and pores show the 

same or similar trend as the Jc(0) values in the YBCO-Ag sub-specimens. This suggests that there 

are further possibilities to consider for this sample. One possible explanation is the presence of a 

large number of small cracks observed in Fig. 6.7 in sub-specimen locations three to five. Another 

possibility is that there is a combined effect of silver and porosity, but this is affected by other 

factors. One possible factor is the size of the silver agglomerates or pores. The relative size of the 

pores and, where relevant, silver agglomerates are shown in Fig. 6.13. The size of the pores or 

silver agglomerates do not appear to correlate in any way with the Jc(0) value measured in each 

sub-specimen.  
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a 

 

b 

 

c 

 
Figure 6.12: Plots of the area occupied by pores, and where relevant, silver in each image with the Jc 

value for the sub-specimen superimposed for: a) a YBCO sample, b) a LR YBCO sample, and c) a YBCO-Ag 
sample. 
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Figure 6.13: The relative average pore size, and where relevant, silver agglomerate size in each image 

taken from the centre of each of the sub-specimens. 

 

 Conclusions 

The addition of silver to bulk YBCO single grains has had no net detrimental effect on their 

superconducting properties. Single grains of YBCO-Ag are able to trap a comparable field to 

YBCO and LR YBCO single grains of the same size. An individual single grain of YBCO-Ag was 

able to trap a higher maximum field than the equivalent samples of YBCO and LR YBCO, perhaps 

suggesting that with further optimisation of the growth process these YBCO-Ag samples may be 

able to achieve higher trapped fields than comparable YBCO samples. The onset Tc value was not 

detrimentally affected by the addition of silver, and nor was the sharpness of transition to 

superconducting. The sharpness of transition to the superconducting state was only better than the 

YBCO-Ag sub-specimens for the sub-specimens taken from the base of the LR YBCO sample. 

This suggests that the provision of additional liquid alone is able to improve the quality at the base 

of the sample. The value of Jc at the top of the YBCO-Ag sample was comparable to that of LR 

YBCO and much higher than achieved at the top of the YBCO sample. However, the value of Jc 

at the base of the LR YBCO sample was significantly higher than that at the base of the YBCO-

Ag sample, whereas that at the base of the YBCO sample was slightly higher than that of the base 

of the YBCO-Ag sample. On studying the microstructure of the samples in both the YBCO and 

LR YBCO samples, the value of Jc is inversely related to the area occupied by pores. This is 
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expected since an increase in porosity reduces the area of Y-123 matrix available for the flow of 

superconducting current. However, in the YBCO-Ag sample, the relationship between the value 

of Jc and porosity is much more complex; there is no obvious trend between either the area 

occupied by pores, the area occupied by silver, the area occupied by both pores and silver or the 

average pore or silver agglomerate size and the trend in Jc values. There are, however, fewer 

vertical cracks present in these samples, which may increase the uninterrupted area over which the 

superconducting current can flow. This suggests that a complex mix of these variables affect the 

value of Jc. In order to draw more valid conclusions regarding this relationship, more samples 

should be investigated in detail.  

 

The provision of silver to YBCO did not have a significant detrimental effect upon the 

superconducting properties of this material. Although the YBCO-Ag sample reported the best 

individual values of each of Tc, ∆T90, Jc and trapped field, it was, however, not consistently the 

best in all of the sub-specimens or samples. The absence of degradation in the superconducting 

properties of the YBCO system when silver is added to the precursor powder suggests that use of 

this alloying element improves significantly the potential of YBCO-Ag for use in practical 

applications. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 151 

 Small scale tests of the mechanical strength of YBCO-Ag 

 

The widespread use of ceramic (RE)BCO superconductors is generally limited by their poor 

mechanical properties. Although a large number of techniques can be used to improve the 

mechanical properties of conventional ceramic materials, many of these are incompatible with the 

growth of single grain bulk YBCO by the TSMG process. Complications arise due to the need to 

minimize the degradation caused to the superconducting properties and the requirement to produce 

a large single grain. The addition of silver has been shown to improve the mechanical properties 

of (RE)BCO single grains without detrimental effect upon the growth process and superconducting 

properties. The growth of YBCO-Ag is particularly challenging, however, Chapter 5 describes the 

development of a process to enable growth of large YBCO-Ag single grains reliably and 

reproducibly.  

 

In this chapter, the growth process developed in Chapter 5 has been used to grow large single 

grains of YBCO-Ag. The flexural strength at a number of locations in these YBCO-Ag single 

grains has been measured. In addition, the flexural strength at a number of locations in YBCO 

samples grown both with, and without, liquid-phase enrichment have been tested and compared. 

Finally, the distribution of the failure stress has been compared with the pore and silver distribution 

in each of the single grains.  

 

 The growth process 

Three samples of each of standard YBCO, liquid-phase-enriched (LR) YBCO and YBCO-Ag were 

pressed in a 30 mm die, as described in Chapter 2. Images of the samples are shown in Fig. 7.1. In 

addition, a representative example of the whole cross sections built from individual 50x 

magnification images of YBCO, LR YBCO and YBCO-Ag are shown in Fig. 7.2. The pore size 

is noticeably smaller throughout the YBCO-Ag sample compared with the YBCO and LR YBCO 

samples.   
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Figure 7.1: The fully grown single grains of YBCO, LR YBCO and YBCO-Ag. 
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Figure 7.2: Whole cross-sections of single grains of: a) YBCO, b) LR YBCO, and c) YBCO-Ag. 
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 Mechanical properties 

A three point bend test is a simple test which can be used to measure the flexural strength of a 

beam in bending. In the three-point bend test loading is applied to a central point while the beam 

is supported on point supports at each end. One side of the beam is always in compression, the 

side in which the load is being applied, while the other is always in tension. This test is also useful 

for observing the load-displacement (or stress-strain) characteristics of a material and so the trace 

from this test can be used to find the Young’s modulus, yield stress and ultimate tensile stress. The 

trace can also provide an indication of the mode of failure experienced by the sample. 

 

Samples were prepared for the three point bend test by removing the buffer pellet from the sample 

and then the top and base were ground flat and parallel. Each sample was cut in half using a 

diamond-coated cutting wheel. One half of each sample was further cut into flexural beams of 

dimensions approximately 2.0 mm x 1.5 mm x 20.0 mm. Each beam was cleaned in warm acetone 

to remove any wax remnants from the cutting process and then lightly polished using grade 2400 

silicon carbide paper. This ensured each edge was smooth. The removal of wax and ensuring the 

smoothness of the edges ensures that the wax remanents or any defects previously present at the 

edge do not have an impact on the results of the test.  

 

A three-point bend test was used to measure the flexural strength of each beam at room 

temperature. A load was applied at a 0.15 mm/minute in the c-axis direction using an Instron 

electromechanical tensile testing machine. The loading was such that the lower surface of the beam 

was always in tension whereas the upper surface was always in compression. A schematic 

illustration of the experimental setup is shown in Fig. 7.3. The set-up enabled the flexural strength 

in the ab-plane to be determined.  

 
Figure 7.3: A schematic of the three-point bend test setup. 

 
 

d

l = 20 mm

F
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The beams were tested to failure in the tensile testing procedure. The following equation was used 

to calculate the flexural strength at failure:  

 

𝜎f =
3𝐹𝑙

2𝑏𝑑2
 

(7.1) 

 

where F is the load at failure, l is the support span (20 mm), b is the width of the test beam (1.5 

mm) and d is the depth (2 mm) of the test beam. 

 

Three-point bend tests were undertaken, on 41 beams from YBCO and LR YBCO samples and 

from 47 beams from YBCO-Ag samples out of a possible 54 beams of each type. The beams that 

were not tested contained large cracks or pores, and were broken during the cutting process or 

during movement following the cutting. The majority of these beams were from close to the centre 

of the sample, which is expected since there are generally more pores present at the centre of the 

sample than at the edge. The location and numbering of the flexural beams is shown schematically 

in Fig. 7.4. 

 
 Figure 7.4: A schematic of the locations of the beams used for mechanical testing. 
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A typical load-displacement curve is shown in Fig. 7.5. The shape of this curve suggests the beams 

fail in brittle failure with very limited plastic deformation. However, this shape of graph could also 

suggest that the failure is shear dominated, this would mean that it would not be valid to calculate 

the flexural strength. The failure surfaces of the beams were studied to identify in which mode the 

beams failed. Each of the beams failed at approximately the centre and did not show longitudinal 

cracking or splitting, this suggests that failure was by brittle failure from the tensile loading rather 

than due to shear loading.  

 

  
Figure 7.5: A typical load-displacement curve exhibited by the YBCO, LR YBCO and YBCO-Ag beams during 

the three-point bend test. 

 

The average flexural stress at failure is plotted in Fig. 7.6 for each location from each slice and the 

flexural strength of each individual beam is given in Table 7.1. The beams that were unable to be 

tested have been excluded from the average values, but have been recorded as having zero strength 

for the purpose of representation in the error bars.  

 

YBCO-Ag beams exhibited the highest average mechanical strength for the vast majority of the 

flexural tests. Only three corresponding beams had noticeably higher strength than the YBCO-Ag 

beams. In addition, the highest overall maximum mechanical strength for each corresponding 

beam was recorded in YBCO-Ag for every location measured except for four, as indicated by the 
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error bars in the figure. A maximum mechanical strength of 171 MPa was observed in the YBCO-

Ag beams. However, there was significant fluctuation in the mechanical strength for corresponding 

beams from different samples of the same type. This fluctuation in mechanical strength is typical 

behaviour of brittle ceramic materials.  

 

The provision of additional liquid improved the mechanical strength, although much less so than 

Ag. The effect of the additional liquid was particularly beneficial in the flexural beams tested from 

slice 3. In this slice, the average flexural strength was significantly higher for all flexural beams of 

LR YBCO than those of standard YBCO. However, there were more significant fluctuations than 

observed in the other two slices.  

 

Location 

Flexural strength (MPa) 

YBCO-Ag LR YBCO YBCO 

1 2 3 1 2 3 1 2 3 

Slice 1          

1 75.4 64.2 - 4.9 46.3 44.0 61.7 45.0 69.3 

2 53.3 58.2 41.3 51.0 49.9 55.7 22.2 34.4 - 

3 55.4 40.4 61.3 - 12.2 - - - 10.1 

4 40.6 33.6 - 51.9 49.2 0.4 49.1 - - 

5 29.3 38.7 46.3 - - 35.4 56.0 - 19.0 

6 49.4 104.9 10.2 56.7 48.0 - - - - 

Slice 2          

1 54.4 - 141.3 41.5 72.2 49.8 95.6 50.6 12.5 

2 105.3 56.9 170.8 54.0 51.5 49.2 69.6 - 10.5 

3 74.7 143.5 37.4 - 20.5 - 37.0 - - 

4 33.2 31.3 - 72.3 60.8 - 28.6 46.8 3.9 

5 36.8 67.5 - - - 23.2 48.7 15.9 21.2 

6 26.0 28.0 100.1 39.0 41.2 42.4 34.6 12.2 33.3 

Slice 3          

1 68.9 82.1 65.7 103.5 79.7 64.2 51.9 17.7 40.6 

2 75.7 45.4 55.0 26.0 61.5 72.8 51.3 20.1 - 

3 71.6 145.3 24.5 46.1 45.2 - 11.1 37.5 - 

4 24.5 123.6 - 65.0 50.9 8.9 31.1 2.2 48.0 

5 56.7 89.7 75.8 - 59.3 20.6 60.9 5.9 29.2 

6 79.2 89.9 - 47.8 - 75.1 33.7 - - 

Table 7.1: The flexural strength of each beam from each of the three types of sample. 
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Figure 7.6: The average flexural strength of each beam in (a) slice 1, (b) slice 2 and (c) slice 3. The error 

bars correspond to the maximum and minimum recorded failure stress at each location. 
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 Microstructure 

The microstructure was imaged at 50x magnification at locations corresponding to the centre of 

each beam from slice 1, a representative example from one sample of each type is shown in Fig. 

7.7. The microstructure in the corresponding beams in the other samples of the same type (either 

YBCO, LR YBCO or YBCO-Ag) show very similar trends in the images. The microstructures of 

YBCO and LR YBCO are very similar, but the microstructure of YBCO-Ag is significantly 

different. The pores in YBCO-Ag are significantly smaller. There are also a large number of very 

small silver agglomerates accompanying some larger silver agglomerates that appear to have filled 

areas that would otherwise have been pores.  

 

In addition, images were taken at 1 mm intervals in the c-axis direction and along the a/b-axis 

direction at approximately 1.5 mm vertically from the top of the sample at both 50x magnification 

and 500x magnification. These are shown in the appendix. 
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Figure 7.7: Optical microscope images taken at 50x magnification corresponding to approximately the 

centre of each of the beams. 

 

Throughout the c-axis direction there are many large pores present in the YBCO and LR YBCO 

microstructure; the smallest pores are approximately 50 μm in diameter and the larger pores are 

over 150 μm in diameter. There are larger pores present at the centre. There are cracks present in 

all three samples, however, the cracks are thinner in the LR YBCO and YBCO-Ag samples than 
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in the YBCO sample microstructure. In the YBCO-Ag sample, the pore size is significantly smaller 

overall and there are few pores with a diameter greater than 150 μm, unlike in the other two 

samples. In addition, there is no change in the average pore size throughout the sample as occurs 

in the YBCO and LR YBCO samples. In the YBCO-Ag samples, there is a wide variation in the 

size of the silver agglomerates; there are predominantly large and small agglomerates with only a 

few of mid-range sizes. 

 

At the top, in both the YBCO and LR YBCO samples, there are a number of small cracks present, 

however, there are fewer and these are thinner than those imaged further down the c-axis. In 

addition, the pores are smaller at the top than mid-way along the c-axis in all these samples, with 

all pores smaller than 150 μm. In comparison to the images of YBCO and LR YBCO, the pore 

size in the YBCO-Ag samples is on average much smaller. There are a number of silver 

agglomerates present that are both small and large in size. In many cases silver agglomerates have 

partially filled the pores present in the YBCO-Ag samples. 

 

At the base of the samples there are some small cracks present; a large proportion of these are 

close to the edge of the sample. There are fewer and smaller cracks in the YBCO-Ag samples than 

in the YBCO or LR YBCO samples. The pores are smaller at the base of the samples in relation 

to the pores present at the centre of the c-axis in the YBCO and LR YBCO samples. At the base 

of the YBCO-Ag sample, there is a very limited amount of silver present in comparison to that 

observed at the top and mid-way along the c-axis. This reduction in silver may be due to the 

additional liquid-phase provided filling most of the pores that could have been filled by silver.  

 

The samples were also imaged at 500x magnification to view the distribution of Y-211 inclusions. 

These images are included in the appendix and show there is a large variation in the size of the Y-

211 inclusions. There are many different sizes of these inclusions within each image. LR YBCO 

shows a much greater uniformity in both the size of the Y-211 inclusions and in the distribution 

than the YBCO samples. In the YBCO samples there are fewer but larger Y-211 inclusions closer 

to the seed and more and smaller inclusions with distance from the seed. This was not observed in 

either the LR YBCO or YBCO-Ag; YBCO-Ag had a very uniform distribution of Y-211 inclusions 
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both within each image and throughout the c-axis of the bulk material. These images enable some 

of the silver to be observed too; some of these pores are partially filled by silver.  

 

 Composition 

The area of each image occupied by pores and, where relevant, silver, as determined by ImageJ 

software, averaged over all three samples is shown in Fig. 7.8, alongside a plot of the average size 

of the pores and silver in each sample. The extremes of the error bars indicate the highest and 

lowest values recorded from all three samples at the specific location. The average porosity is 

much lower in the YBCO-Ag samples than in either the YBCO or LR YBCO samples at all 

locations except locations 3 and 6.  This suggests that some of the pores must have been filled by 

silver agglomerates in the YBCO-Ag samples. The average area occupied by pores in the LR 

YBCO sample is slightly lower than that of the standard YBCO sample, but not significantly lower. 

The average size of the pores is significantly different in each of the samples. The average pore 

size in each image of the standard YBCO samples is much larger than that of all of the other 

samples, and shows a much greater variation between subsequent beam locations. In addition, the 

error bars show a significant variation in the average pore size at each location between the three 

samples of standard YBCO. The average pore size is significantly lower in the YBCO-Ag samples 

than in the LR YBCO samples. The average pore size in the YBCO-Ag sample is also very 

consistent between beam locations and between the three samples of YBCO-Ag. These results are 

as expected from the microscope images. Both the area of the image occupied by silver and the 

relative average size of the silver agglomerates are very consistent throughout the sample with the 

exception of location 6. In general, it is desirable to have a highly uniform microstructure and the 

uniformity in the silver distribution will enable the beneficial effects of the contribution of silver 

to contribute broadly to all parts of the sample.  
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Figure 7.8: The average variation in porosity between the beams considered in terms of a) the average 

area occupied by pores and b) the average size of the pores present at each location. 

 

 Relation between microstructure, composition and mechanical 

properties 

It is widely accepted that porosity in the microstructure of YBCO bulk superconductors has a 

negative impact on the mechanical properties of the sample, both in terms of the total area occupied 

by pores and the size of the pores present [30]. The addition of silver reduces both the area occupied 

by pores and the average size of the pores, as shown in Fig. 7.8. Both the area fraction occupied 

by pores and silver, and the average pore and silver agglomerate size have been plotted against the 

flexural strength for beams from slice 1, as shown in Figs. 7.9 and 7.10.  
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There is a negative correlation in the standard YBCO samples between both the average pore size 

within an image taken from the centre of each beam or the area occupied by pores in each of these 

images and the flexural strength. This indicates that as the area occupied by pores increases the 

failure strength of the beam decreases. In addition, as the average size of the pores increases, the 

strength of the beams from the YBCO samples decreases.  

 

There is no obvious correlation between the average pore size and the flexural strength in the LR 

YBCO samples. There is, however, a very slight negative correlation with some outliers between 

the area occupied by pores and the flexural strength. This limited correlation is because the 

additional liquid provided affects the final microstructure. It primarily fills, or partially fills, a 

number of the pores at the base of the sample and some of the cracks. Therefore, the sample will 

behave differently. In the LR YBCO samples, the reduction in area occupied by pores and the 

reduction in the average pore size is, at least in part, responsible for the higher local flexural 

strength observed at the majority of locations compared to standard YBCO. Alongside filling some 

of the pores, the provision of additional liquid-phase during processing may also enable small, 

sharp cracks to be filled or blunted, hence providing additional mechanisms to improve the 

mechanical strength of the material. 

 

The average pore size and the average area occupied by pores throughout the YBCO-Ag samples 

is significantly lower than in the other two types of sample. The average pore size is very low and 

does not show an obvious correlation with the failure stress.  The area occupied by pores does, 

however, show a slight negative correlation if the outliers are ignored. This suggests that porosity 

is an important factor in the strength of YBCO and YBCO-Ag single grains. The reduction in both 

the area occupied by pores and the size of the pores caused by their partial filling with silver would 

appear to be, at least in part, responsible for the increase in local strength associated with the 

addition of silver. Due to the nature of failure of ceramic-like materials, there is a large variation 

in the mechanical strength of the same material, even for sub-specimens taken from the same 

original specimen, and this is likely to be responsible for the large variation in flexural stress and 

may be why only a slight negative correlation was observed in some cases. The addition of Ag to 

the samples may have a similar effect to that of the provision of additional liquid-phase, albeit 

more prominent. The silver fills the sharp micro-cracks, and hence blunts the sites at which crack 
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initiation and propagation is most and first likely to occur, hence providing additional mechanisms 

to improve the mechanical strength of the material. 

 

One concern with the addition of silver was that it would fill the pores but still cause similar 

problems to the pores in terms of the mechanical properties. The silver agglomerates may act as 

flaws and provide sites at which fracture can occur. For this reason the area occupied by silver in 

each image and the average silver agglomerate size was plotted against the flexural strength of 

each bar. The plots show that there is no correlation between either the area occupied by pores or 

the average pore size and the flexural strength of the bar.  

 

 
Figure 7.9: The relationship between flexural strength and area occupied by pores in slice 1 of: a) YBCO, 

b) LR YBCO, c) YBCO-Ag and d) the area occupied by silver in YBCO-Ag. 
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Figure 7.10: The relationship between flexural strength and relative average pore size in slice 1 of: a) 

YBCO, b) LR YBCO, c) YBCO-Ag and d) the area occupied by silver in YBCO-Ag. 

 

 Conclusions 

The provision of additional liquid to TSMG samples of YBCO has improved significantly the 

mechanical strength of YBCO bulk superconductors. However, the addition of silver in addition 

to additional liquid has also improved the mechanical strength significantly. Small beams of 

YBCO-Ag were able to withstand stresses of over 170 MPa before failure. The increase observed 

in the flexural strength of YBCO-Ag is, in the most part, due to a significant reduction in both the 

average pore size and the area occupied by pores in the silver-added samples compared to both 

YBCO and liquid-phase-enriched YBCO. The added silver fully and partially filled a large number 

of pores, and hence the area occupied by and the average size of the pores were significantly 

reduced. The negative correlation between the pore size or area occupied by pores and the flexural 

strength of each beam was limited due to the ceramic-like nature of these materials.  

 

The HTS bulk materials investigated as part of this study have a high inherent inhomogeneity. The 

complex growth process produces a wide range of pore sizes and shapes and cracks. In addition, 
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the inclusions, such as the Y-211 and the silver, are not uniformly distributed. The failure of 

ceramic-like materials relies upon a probability distribution with larger sized pieces of material 

more likely to contain a large flaw that will significantly reduce the strength of the material. Hence, 

in order to gain a more meaningful understanding of the relationships between failure and porosity 

and the inclusions present, many more samples must be tested both using the three-point bend test, 

and via the use of further characterisation techniques.  

 

This initial research suggests that the addition of silver produces a significant increase in the 

flexural strength of YBCO. Therefore, this process modification will significantly enhance the 

viability of the use of YBCO in practical applications. As a result, this material will be able to 

withstand greater Lorentz forces, and so the limitations placed on the superconducting properties 

by the mechanical properties have now been significantly reduced. 
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 Conclusions 

 

This work has developed a successful and reliable growth process to produce large single grains 

of YBCO-Ag with good mechanical and superconducting properties via a number of incremental 

stages.  

 

The provision of additional liquid to a novel recycling process for YBCO, GdBCO-Ag and 

SmBCO-Ag enabled the replenishment of liquid lost during the initial failed primary growth 

process. This additional liquid provided a sufficient concentration of (RE) species at the growth 

front to enable the samples to grow easily and reliably. In addition, the increased concentration of 

(RE) species at the growth front supported single grain growth in the presence of agglomerates of 

Ag and Ce-rich phases. 

 

The provision of additional liquid in the recycling process increased the uniformity in the 

composition in comparison to the primary TSMG growth process. Hence, these samples have more 

uniform superconducting properties, albeit 15 % lower in magnitude. The resulting samples from 

the recycling process with added liquid-phase have shown that the ability to adapt the provision of 

additional liquid-phase to primary processing by TSMG, or to reduce the liquid loss during primary 

processing, will enable reliable fabrication of good quality single grains. 

 

The provision of additional liquid to the primary growth of YBCO by the TSMG process provided 

a significant increase in the reliability of full through-thickness single grain growth in comparison 

to the conventional TSMG process. In order to ensure these single grains grown by the 

conventional TSMG process were optimised, a number of parameters were investigated prior to 

the provision of additional liquid-phase. These investigations showed that the optimum conditions 

for the growth of a single grain of YBCO by TSMG entail: the use of a buffer pellet, no prior 

sintering of the precursor powder pellet, additional liquid-phase and a stabilising layer of Yb2O3 

mixed with ethanol painted onto the base of the precursor sample. In addition to deriving the 

optimum conditions for growth, the composition of the additional liquid-phase-rich powder used 

was optimised. Alongside more reliable growth, these single grains of YBCO exhibited a greater 

uniformity in the distribution of Y-211 particles and in the Y-123 superconducting matrix. Hence, 
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the single grains exhibit high levels of uniformity of the superconducting properties, as exhibited 

in the recycled samples, whilst retaining the same or higher magnitude of superconducting 

properties exhibited in YBCO single grains grown by the primary TSMG process.  

 

The simple provision of additional liquid-phase to the conventional TSMG growth process has led 

to improved reliability of growth and, in turn, improved sample performance. The result of primary 

processing by TSMG with additional liquid, alongside the ability to support single grain growth in 

the presence of Ag-rich agglomerates (observed in the recycling of GdBCO-Ag and SmBCO-Ag 

multi-grains) has demonstrated convincingly that this adaptation may help to enable the reliable 

single grain growth of YBCO-Ag. 

 

The provision of additional liquid to the primary TSMG of YBCO-Ag enabled the growth rate of 

YBCO-Ag to be studied systematically. The lack of growth of YBCO-Ag during simple isothermal 

holding, as is widely used to investigate the growth rate of these (RE)BCO bulk single grains, led 

to the development of a new processing technique. The so-called CCIH technique introduced a 

slow cooling period prior to the isothermal hold period. The slow cooling period was required to 

enable nucleation and growth initiation. The requirement of this period is evident within the 

microstructure of the bulk single grain. The distribution of silver is not uniform throughout the 

cross-section of the single grain. There is a ‘silver-deficient’ looking region directly below the 

seed, followed by a sudden transition to a ‘silver-rich’ region at a greater distance from the seed. 

This distribution of silver is likely a result of the difficulty of incorporating silver into the YBCO 

lattice during the initial stages of growth. In consequence, silver is pushed by the growth front, 

generating a silver deficient region below the seed that contains only a limited concentration of 

small silver agglomerates. Once the level of silver at the growth front reaches a threshold, however, 

silver is incorporated into the bulk microstructure and yields a discontinuity in the silver 

distribution. Many more and much larger silver agglomerates are present further away from the 

seed, and typically fill regions that were initially pores. 

 

This investigation has, for the first time, enabled a model of the single grain growth rate of YBCO-

Ag to be developed. The growth rate model is an essential tool for deriving optimised heating 
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profiles, which are essential for the successful growth of various sizes of single grains of YBCO-

Ag by TSMG.  

 

The provision of additional liquid-phase to the primary TSMG process, and the derivation of 

suitable optimised heating profiles, has enabled the reliable growth of single grains of YBCO-Ag. 

The ability to grow these YBCO-Ag single grains reliably has enabled detailed investigation of 

both the superconducting and mechanical properties of YBCO-Ag, and subsequent comparison 

with single grains of YBCO fabricated by the conventional TSMG process and the liquid-phase-

enriched TSMG process.  

 

The addition of silver has been observed to have no detrimental effect on the superconducting 

properties of YBCO. Single grains of YBCO-Ag trapped a magnetic field comparable to that 

trapped by the same size single grain of YBCO grown by both conventional TSMG and liquid-

phase-enriched TSMG. This suggests that, with further optimisation, the trapped field achievable 

in YBCO-Ag single grains may be higher than for the same size of single grain of YBCO. In 

addition, the values of Tc and ∆T90 were comparable across all three types of single grain. The 

values of Jc for sub-specimens cut from the top half of the samples were comparable, with the 

highest values of Jc achieved in YBCO-Ag. In contrast, towards the base of the sample, the values 

of Jc achieved in the YBCO-Ag sub-specimens were significantly lower than those exhibited in 

the YBCO single grains grown by liquid-phase-enriched TSMG. 

 

The value of Jc was inversely related to the area occupied by pores in the YBCO single grains 

grown by TSMG and by liquid-phase enriched TSMG. This is as expected; increasing the area 

occupied by pores will reduce the area of Y-123 superconducting matrix available for the flow of 

superconducting current. The addition of silver has increased the complexity of this relationship 

in the YBCO-Ag single grains. There was no obvious relationship between the values of Jc, the 

area occupied by pores, the area occupied by silver or the combined area occupied by pores and 

silver. In addition, the values of Jc showed no obvious trend with pore size or silver agglomerate 

size. In the YBCO-Ag samples there are, however, fewer vertical cracks present than in the other 

two types of samples, and hence the YBCO-Ag single grain has a larger uninterrupted area 

available within which the superconducting current can flow. This suggests that there is a complex 
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mix of variables that affect the Jc value achieved in YBCO-Ag single grains. In order to draw more 

detailed and valid conclusions about the factors affecting the superconducting properties in 

YBCO-Ag single grains, many more samples should be investigated in detail.  

 

The provision of silver to YBCO did not have a significant detrimental effect on the 

superconducting properties of this material. The YBCO-Ag sample exhibited the best individual 

values for each of Tc, ∆T90, Jc and trapped field, although it was not consistently the best in all of 

the sub-specimens or samples. The absence of degradation in the superconducting properties of 

this system when silver is added to the precursor powder suggested that the mechanical properties 

should be studied to identify whether this material provided greater practical potential than YBCO 

single grains grown by conventional TSMG. 

 

Three-point bend tests were carried out on a minimum of 41 flexural beams from three samples of 

each of YBCO, liquid-phase-enriched YBCO and YBCO-Ag. This test enabled the flexural 

strength of each beam to be measured. The samples grown by TSMG with additional liquid-phase 

exhibited higher flexural strength than the single grains of YBCO grown by conventional TSMG. 

However, the addition of silver and the provision of additional liquid-phase significantly improved 

the mechanical strength of the samples compared to single grains grown by conventional TSMG, 

these beams exhibited strengths of over 170 MPa. The improvement in the flexural strength 

exhibited in the liquid-phase-enriched YBCO single grains was due to the reduction in pore and 

crack size at the base of the sample due to the ability of the liquid-phase to infiltrate the sample at 

the base. The silver provided to the YBCO-Ag samples enabled a substantial reduction in the 

average pore size and the area occupied by pores as the silver filled, and partially filled, the pores 

and a number of the cracks present, in addition to the effect of the additional liquid-phase.  

 

Despite the obvious reductions in pore size and area occupied by pores in the YBCO-Ag samples, 

there is only a slight negative correlation between the size of the pores or area occupied by pores 

and the flexural strength. The strength of the correlation is limited due to the inherent variability 

in the size of the pores, shapes of the pores and cracking. In addition, the failure of ceramic-like 

materials is determined by a probabilistic distribution and so is inherently variable. In order to gain 

a more meaningful understanding of the relationships between failure and porosity and the 
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inclusions present, many more samples must be tested both using the three-point bend test and 

further characterisation techniques. 

 

This initial research suggests that the addition of silver produces a significant increase in the 

flexural strength of YBCO. Therefore, the addition of silver will significantly enhance the 

viability of the use of YBCO in practical applications. As a result, this material will be able to 

withstand greater Lorentz forces and so the limitations placed upon the superconducting 

properties by the mechanical properties have, in consequence, now been significantly reduced. 
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 Future work 

 

Throughout this work the mass of Ag2O added to the precursor powder has been kept constant at 

10 wt%. This may not be the optimum quantity of silver to add to provide the best superconducting 

or mechanical properties. A focus of future work, therefore, should be to analyse the effect of the 

quantity of added silver on the reliability of the single grain growth process, the superconducting 

properties and the mechanical properties of the resulting single grain samples. The addition of 

significantly different quantities of silver will require the use of DTA in order to determine the 

peritectic temperature of each specific composition, alongside further investigation of the growth 

rate to enable a suitable heating profile to be derived.  

 

In addition, although this work has investigated systematically the growth rate of YBCO with 10 

wt% of added Ag2O and derived a suitable heating profile, this heating profile is not necessarily 

fully optimised. Further incremental optimisation of the heating profile may be beneficial in order 

to control the distribution of silver and pores further.  

 

As discussed in the conclusions section, there is a large degree of inherent variability in these 

samples, both due to the growth process and to the nature of mechanical failure of ceramic 

materials. Hence, in order to provide more valid and conclusive conclusions on both the 

superconducting properties and mechanical properties and how they relate to specific 

microstructural features, many more samples should be tested. In terms of the mechanical 

properties, there should be both more 3-point bend tests carried out on more samples but also a 

wider range of tests should be used on a large number of samples. Although the 3-point bend test 

can give an indication and a good comparable measure of the relative mechanical properties 

between the three types of samples, it may not actually be the best measure to use to enable direct 

comparison of the overall mechanical properties. The 3-point bend test only uses relatively small 

samples and does not replicate the stresses to which whole single grains will be subject during 

magnetisation. The results of the 3-point bend test are likely to correlate with the strength of these 

materials during magnetisation, although it is not a direct measure of how well they will cope with 

the specific directions of stress in a magnetisation situation. In order to draw more valid 
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conclusions, the mechanical properties of whole single grains should be tested in detail when the 

whole single grains is subjected specifically to radial forces.  

 

The highly reliable growth process with a high tolerance to agglomerates of a variety of different 

compositions developed in this work could be further exploited to enable the growth of large single 

grains of (RE)BCO with a range of different alloying materials. Investigation of new compositions 

would enable these materials to be directly tailored to the requirements of each specific application. 

For example, the addition of an alloying material on properties such as the fracture toughness could 

be investigated to identify the best alloying material for optimisation of this specific property. 
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 Appendix 1: Chapter 3 

 

 

 

 
Figure 10.1: Recycled grains of a) Top view of YBCO, b) Side view of YBCO, c) Top view of GdBCO-Ag (note 
the 2 grains on the left and one grain on the right of the middle row are primary grown samples), d) Side 

view of GdBCO-Ag, e) Top view of SmBCO-Ag and f) Side view of SmBCO-Ag. 
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Figure 10.2: Plots of the magnetic moment evolution during a temperature sweep used to find Tc values 

and ∆T90 for sub-specimens of a) primary YBCO, b) recycled YBCO, c) primary GdBCO-Ag, d) recycled 
GdBCO-Ag, e) primary SmBCO-Ag, f) recycled SmBCO-Ag sample 1, and g) recycled SmBCO-Ag sample 2. 
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Figure 10.3: Plots of the variation in Jc values at a 77 K for: a) Primary grown YBCO, b) Recycled YBCO, c) 
Primary grown GdBCO-Ag, d) Recycled GdBCO-Ag, e) Primary grown SmBCO-Ag, f) Recycled SmBCO-Ag 

grain 1, and g) Recycled SmBCO-Ag grain 2 
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Figure 10.4: Optical microscope images along the a/b-axis of a primary grown YBCO sample 

approximately 1 mm below the seed at 500x magnification. 
 
 

 
Figure 10.5: Optical microscope images along the central c-axis of a primary grown YBCO sample at 500x 

magnification. 
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Figure 10.6: Optical microscope images along the a/b-axis of a recycled YBCO sample approximately 1 

mm below the seed at 500x magnification. 

 

 
Figure 10.7: Optical microscope images along the central c-axis of a recycled YBCO sample at 500x 

magnification. 
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Figure 10.8: SEM images along the a/b-axis of a primary grown SmBCO-Ag sample approximately 1 mm 

below the seed at 2000x magnification. 
 

 
Figure 10.9: SEM images along the central c-axis of a primary grown SmBCO-Ag sample at 2000x 

magnification. 
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Figure 10.10: SEM images along the a/b-axis of recycled SmBCO-Ag grain 1 approximately 1 mm below 

the seed at 2000x magnification. 
 

 
Figure 10.11: SEM images along the central c-axis of recycled SmBCO-Ag grain 1 at 2000x magnification. 
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Figure 10.12: SEM images along the a/b-axis of recycled SmBCO-Ag grain 2 approximately 1 mm below 
the seed at 2000x magnification. 

 
 

 
Figure 10.13: SEM images along the central c-axis of the recycled grain 2 at 2000x magnification. 
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 Appendix 2: Chapter 4 

 

Figure 11.1: Plots of the variation in normalised magnetic moment with temperature for: a) Sample JY-
02, b) Sample JY-09. 
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Figure 11.2: Plots of the variation in Jc value with field at a constant temperature of 77 K for a) Sample JY-

02, the standard TSMG sample, b) Sample JY-09, the sample grown by TSMG with additional liquid-
phase. 
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Figure 11.3: Optical microscope images along the a/b-axis of sample JY-02 approximately 1 mm below 

the seed at 50x magnification. 
 

 
Figure 11.4: Optical microscope images along the a/b-axis of sample JY-09 approximately 1 mm below 

the seed at 50x magnification. 
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Figure 11.5: Optical microscope images along the a/b-axis of sample JY-02 approximately 1 mm below 
the seed at 1000x magnification. 

 

 
Figure 11.6: Optical microscope images along the a/b-axis of sample JY-09 approximately 1 mm below 

the seed at 1000x magnification. 
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a 

 

b 

 

c 

 

Figure 12.1: Plots of the variation in normalized magnetic moment with temperature, used to determine 
the transition temperature of the sub-specimens from: a) a YBCO sample, b) a LR YBCO sample, and c) a 

YBCO-Ag sample. 
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a 

 

b 

 

c 

 

Figure 12.2: Plots of the variation in Jc values with field for the sub-specimens from: a) a YBCO sample, b) 
a LR YBCO sample, and c) a YBCO-Ag sample. 
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Figure 12.3: Optical microscope images along the central c-axis of a YBCO sample from a position just 

below the seed at 50x magnification. 

 

 
Figure 12.4: Optical microscope images along the central c-axis of a LR YBCO sample from a position just 

below the seed at 50x magnification. 
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Figure 12.5: Optical microscope images along the central c-axis of a YBCO-Ag sample from a position just 

below the seed at 50x magnification. 

 

 

 
Figure 12.6: Optical microscope images along the a/b-axis of a YBCO sample approximately 1.5 mm from 

the top at 50x magnification. 
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Figure 12.7: Optical microscope images along the a/b-axis of a LR YBCO sample approximately 1.5 mm 

from the top at 50x magnification. 

 

 
Figure 12.8: Optical microscope images along the a/b-axis of a YBCO-Ag sample approximately 1.5 mm 

from the top at 50x magnification. 
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Figure 12.9: Optical microscope images along the a/b-axis of a YBCO sample approximately 1.5 mm from 

the base at 50x magnification. 

 

 
Figure 12.10: Optical microscope images along the a/b-axis of a LR YBCO sample approximately 1.5 mm 

from the base at 50x magnification. 
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Figure 12.11: Optical microscope images along the a/b-axis of a YBCO-Ag sample approximately 1.5 mm 

from the base at 50x magnification. 
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Figure 13.1: Optical microscope images along the central c-axis of a YBCO sample from a position just 

below the seed at 50x magnification. 
 

 
Figure 13.2: Optical microscope images along the central c-axis of a LR YBCO sample from a position just 

below the seed at 50x magnification. 
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Figure 13.3: Optical microscope images along the central c-axis of a YBCO-Ag sample from a position just 

below the seed at 50x magnification. 

 

 
Figure 13.4: Optical microscope images along the a/b-axis of a YBCO sample approximately 1.5 mm from 

the top at 50x magnification. 
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Figure 13.5: Optical microscope images along the a/b-axis of a LR YBCO sample approximately 1.5 mm 

from the top at 50x magnification. 
 

 
Figure 13.6: Optical microscope images along the a/b-axis of a YBCO-Ag sample approximately 1.5 mm 

from the top at 50x magnification. 
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Figure 13.7: Optical microscope images along the a/b-axis of a YBCO sample approximately 1.5 mm from 

the base at 50x magnification. 
 

 
Figure 13.8: Optical microscope images along the a/b-axis of a LR YBCO sample approximately 1.5 mm 

from the base at 50x magnification. 
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Figure 13.9: Optical microscope images along the a/b-axis of a YBCO-Ag sample approximately 1.5 mm 

from the base at 50x magnification. 

 

 
Figure 13.10: Optical microscope images along the central c-axis of a YBCO sample at 500x 

magnification. 
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Figure 13.11: Optical microscope images along the central c-axis of a LR YBCO sample at 500x 

magnification. 

 

 
Figure 13.12: Optical microscope images along the central c-axis of a YBCO-Ag sample at 500x 

magnification. 

 


